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Comparisons of National Radium Standards 


us 8. 


Loftus, W. B. Mann, L. F. Paolella, L. L. Stockmann, and W. J. Youden 


The national primary radium standards of the Federal Republic of Germany and the 
Dominion of Canada have recently been compared with the two United States national 


primary radium standards at the National Bureau of Standards. 


The comparisons were 


made using the standard electroscope and radiation balance, and the results obtained for 
these four Hénigschmid standards have been compared with those obtained in an earlier 
comparison of the United States primary radium standards with that of the United King- 


dom, which is also a Hénigschmid standard. 


1. Introduction 


During January and February 1954 the British 
rimary radium standard and the Canadian national 
radium standard were compared with the United 
States primary radium standards at the National 
Bureau of Standards [1,2].'. The British and United 
States standards were Hdénigschmid — standards, 
whereas the Canadian standard consisted of radium 
chloride sealed in a glass tube of considerably smaller 
dimensions than those of the Hénigschmid standards 
and therefore considerably more closely packed [1]. 
In any gamma-ray comparison between this Cana- 
i dian standard and a Hénigschmid standard, it is 
therefore to apply corrections for self- 
absorption of the source [3]. In 1955 the National 
Research Council of Canada procured a Hodnig- 
schmid standard (No. 5425), to replace the older 
preparation, as the primary radium standard of 
Canada [4]. This new Hénigschmid standard was 
compared during the summer of 1955 with the 
German (No. 5426) and British (No. 5432) Hoénig- 
schmid standards in Braunschweig and Teddington, 
respectively, and was then brought, in early Decem- 
ber 1955, to Washington, D. C., for comparison with 
the United States Hénigschmid standards (Nos. 
5437 and 5440) at the Bureau. 

In November 1955 the Hénigschmid standard of 
the Physikalisch-Technische Bundesanstalt was also 
compared with the two United States standards. 

The results of the measurements carried out on 
the Canadian, German, and United States Hénig- 
schmid standards are given in this paper, together 
with a reassessment of the measurements previously 
carried out at the Bureau on the British and United 
States HGnigschmid standards [1,2]. 


necessa ry 


2. Methods of Measurement 


For the comparisons of the Canadian and _ the 
German standards with the United States standards, 
only the NBS standard electroscope [5] and Peltier- 
effect microcalorimeter, or radiation balance [6,7], 
were used. These have already been demonstrated 
to give precise and reproducible results and conse- 
quently the counting methods, previously utilized 
ll], were not again employed to supplement the 
Measurements of the electroscope and microcalorim- 
Peter. The procedures of the earlier comparison for 
it the end of this paper, 


' Figures in brackets ind 


cate the literature references 
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In every case, agreement with Hénigschmid’s 
values to within 0.2 percent has been obtained. 


both these methods have already been fully de- 
scribed [1] and were again followed precisely. 

A new and very careful determination of the 
thermoelectric power (dE/dT) of the Peltier couples 
of the radiation balance was carried out, using a pair 
of copper-sheathed heating and compensating resist- 
ance coils whose difference in resistance was precisely 
measured. The results of a great many measure- 
ments gave a new average value at 25° C of dE/dT 
equal to 58.71 wv /deg, as compared with 58.78 uv /deg 
used in the earlier work [2]. This new value will not 
affect the ratios of the standards as then determined, 
but will give a different value for the absolute rates 
of energy emission for the different radium standards. 
For the purpose of comparison with the results ob- 
tained in the Canadian and German intercomparison, 
those for the British intercomparison have therefore 


A C D 


FIGURE | Three Hénigschmid national radium standards with 
the grains of salt distributed along the le ngth of the tubes. 


1, American: C Canadian D, American 
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TABLE 1.—Masses of five Hénigschmid radium standards, in Hénigschmid milligrams 





A B ( D G 
e <3 he ame po nny aie — - 
radium radium radium radium radium \| Febt 
Standard st andard standard standard standard 
(5437, XIV (5432 (5425 (5440, XV) (5426 | 
Mass of radium chloride as determined by Hénigschmid on June 2, 1934 MO. 22 20. 50 31.73 26. 86 19.19 : new 
Radium content, as of June 1934, as given by | 
1. Hénigschmid’s weighings *_. 38. 23 15. 60 24.15 0). 45 14.61 Dee 
2. By comparison with Paris and Vienna 1911 standards * 38. 12 20. 37 | 
* Hoénigschmid stated [s] that his weights were calibrated against each other but not in relation to the standard kilogram. He also found [8] that the calibr TAl 
tion corrections for his weights were greatly in excess of the weighing errors. The masses of radium have therefore been designated throughout this paper in terms : 
Honigschmid milligrams. his practice should also have been adopted in the previous paper [1, 2] 
b Corrected from “‘the end of 1936 or beginning of 1937"’, using a half-life of 1,620 years. It is,uncertain what relation these masses in milligrams bear to Hénis. 
schmid’s later weighings [8}. a 
been recalculated. Values for the rates of energy | 
emission for all five standards (British, Canadian, 
German, and both United States) have also been | Fete 
corrected back to their date of sealing by Hénig- £. | 
schmid, namely, June 2, 1934, in order to eliminate 
the correction for the decay of radium and the con- “ 
siderably larger correction for the growth of radium E 
and polonium—210 between February 1954, when the Dece 
British intercomparison was carried out, and No- 
vember and December 1955, when the German and os 
Canadian standards, respectively, were intercom- | Febr 
pared with the United States standards. In the | 
recalculation of the British results the best estimates | 
have been derived, incorporating the results obtained and 01 
for the old Canadian standard. of cal 
In addition, the sensitivity of the radiation balance at the 
has been increased by a factor of some 6.7, to give a In 


scale deflection of 2.8 mm/yuw instead of 0.42 mm/uw. stand: 
This was done primarily to calibrate a preparation the re 
of some 4.8 curies of tritium in the preparation of the The r 
Bureau’s tritium standard. The radiation balance eleetre 


has also been placed in a temperature-attenuating best es 

enclosure to minimize the effects of fluctuations in the by the 

room temperature. This enclosure consists of a box togeth 

of about %-in.-thick dural, with internal dimensions Honig 

of approximately 10 by 10 by 10 in., surrounded by last fig 

about a 2-in. thickness of balsa wood. The radiation due m 

balance is placed on a balsa-wood block in the middle A L G the ca 

of this enclosure. A small opening in the top surface will be 

of the enclosure provides for access to the balance. | pyoure 2. Three insists wstlenal vedi ae 

An over-all improvement in the operating charac- with the grains of salt distributed along the length of the\ 

teristics of the radiation balance was obtained. | tubes. 

In the subsequent discussion of the results, the 1, American; D, American; G, Germar 

United States Hénigschmid standards will again be 

designated A and PD), the British standard 2, the new 3. Results 

Canadian standard C, and the German standard G. I a ma :; 

A summary of their essential data is given in table 1, ae ae oA : oo es wd the results ot - é eT | Feber 

and the two United States standards with the ~s ne “ wet 2 ne rey “a gee tren rates lor a x = 

Canadian and German standards are shown in figures aiflorent s, both singly and balanced in pairs, at 7 | 

1and2. The tubes containing each of the four stand- | ‘ a times of measurement, uncorrected for| Nove 

ards are of Thiiringen glass of 3-mm internal diam- | ©?! the decay of radium or the growth of its D 

eter and 0.27-mm wall thickness, and their lengths daughter products. , ; Decer 

vary from 36 to 40 mm. | _ The best estimates of the rates of energy absorption 
et. Beenincamal for A, b, C, D, and G, derived by the method prevr 

sak Ye decribed as 38 mm Jong and Das 37 mm lone in table tof shearer | gusty described [2], are given in table 3, together with | Fn 

wo pp lg pkg Re ey yy a se the values of these rates of energy absorption cor, | Aver 

aye coe. wie reas D is one some 36 3 tt in le neath oe ' rected to June 2, 1934. | wo addit ional values of A I 

* Rat 
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TABLE 2. Rate of energy absorption, in microwatts 
a Date Source Energy Source Energy 
ad ibsorbed absorbed | 
rman _— 
mary , 95 1 6271.0 A-—D 2930. 9 
— renee 1908 RB 2566. 3 i—B 3721.2 
on Do D 3364. 2 D—B 786. 5 | 
- ember 1955 i 6294. 4 i-D 2925. 3 
aa -“~ G 2416. 6 A-G 3895. 1 
19 De. D 3368. 5 D-G 956. 8 
December 1955 1 6295. 7 i—D 2042.8 
.€ Do 3981. 2 i-C 2323. 6 
i Do D 3362. 2 C-—D 619.7 
| 
eis TaBLe 3. Best estimates of rates of energy absorption, in 
© Ci r 
n oa : microwaltts 
to Hinig- | 
Energy | 
Dat Source Energy ibsorbed | 
ibsorbed as of June | 
2, 1934 | 
| 
February 1954 1 6280. 6 747.5 
Do B 2563. 8 2346. 2 
De D 3353. 0 3067. 7 
November 1955 1 6298. 6 5729.3 
Do G 2411.1 2193. 6 
Do D 3369. 9 3065. 4 
December 1955 : 6300. 3 5731.0 
Do ( 3979. 1 3619. 4 
Do D 3359. 7 3055. 1 
December 1955 1 6304. 1 5734. 9 
February 1956 1 6304. 4 730.8 
Do D 3364. 7 3057. 8 
and one additional value for )), obtained in the course 
of calibrating two other radium preparations for use 
at the Bureau, are also included. 

In the comparisons carried out with the NBS 
standard electroscope, the method of adjustment of 
the ratios previously described [2] was again used. 
The results for the adjusted ratios obtained by the 
electroscope and also for the ratios obtained from the 
best estimates of the rates of energy absorption given 
by the radiation balance are summarized in table 4, 
together with the corresponding ratios obtained from 
Honigschmid’s weighings. Slight differences in the 

last figure from the ratios previously reported [1] are 
due mainly to the rounding off of the last figure in 
the calculations and are insignificant. In table 4 it 
will be noted that the electroscope ratios are almost 
ndard TABLE 4. 
ol [he | 
Standards Fk lectroscope Radiation 
balance 
' 
all the 7 
. ebDruary 1954 UB 2. 441 2. 450 
Ll fi Do iD 1. 870 1. 873 
at the} Do DB 1. 305 1. 308 
d for November 1952 iG 2. 608 > 612 
i Do ip 1.870 1. 869 
of its Do Dit 1. 3905 1. 398 
; December 1955 1/¢ 1. 578 1. 5&3 
rption Do ip 1. 870 1. 875 
Do 5 
previ- CD 1.18 1. 184 
rw ith February 1956 iD 1.874 
n Ccor- Average . WD 1. S71 1. 873 
s of A 


* Ratio of aver we 


always lower than those obtained by the radiation 
balance by an amount varying from about 0.1 to 0.4 
percent. This would, however, be consistent with 
a slight gamma-ray source-self-absorption in the 
larger standard, which, in the ratios given, always 
appears in the numerator. 

For complete internal consistency the ratios 
shown in columns 3, 4, and 5 of table 4 should be the 
same for any given pair of standards, apart from the 


effect of gamma-ray source-self-absorption just 
noted. It is interesting therefore to compare the 


percentage or fractional divergencies of these ratios 
one from another. This can best be done by dividing 
one ratio into another, whereupon any systematic 
error should immediately become apparent. The 
results of such a comparison are shown in columns 
6, 7, and 8 of table 4, and the effect of gamma-ray 
source-self-absorption immediately becomes  ap- 
parent from column 6 by the systematic trend of 
2 or 3 parts in a thousand (except in the case of the 
ratio of C to D, which are of nearly the same mass). 

Column 7 shows the divergence of the radiation- 
balance ratios relative to Hénigschmid-weighing 
ratios to be fairly random. Neither of these methods 
of measurement involves any gamma-ray effect. 

Once again, however, a systematic trend of 3 or 4 
parts in a thousand is apparent in column 8. This 
is consistent with the effect of gamma-ray source- 
self-absorption decreasing the electroscope readings 
for the larger standards. Here again the ratios for 
(’'to D would be expected to be higher due to their 
near equality in mass. 

These trends are only slightly significantly greater, 
however, than the experimental errors involved, but 
a comparison of the figures of columns 7 and 8 does 
tend to confirm that the radiation balance is more 
nearly measuring the ratios as determined by 
Hoénigschmid’s own weighings. 

As in the earlier intercomparison of the United 
States and British radium standards [1], it is of in- 
terest to compare the radioactive effect per milligram 
of radium element for each of the standards in order 
to check the combined internal precision of the 


electroscope or radiation-balance results, on the 
one hand, and of Hénigschmid’s weighings, on the 


other. 


Adjusted ratios for five international radium standards 


Ratio of elec- 
troscope ratio 
to Hénig- 
schmid ratio 


Ratio of radi- 
ation balance 
ratio to elec- 
troscope ratio 


Ratio of radi- 

ation balance 
ratio to Hé- 
nigschmid 


Hoénigschmid 


ratio 
2. 450 1.003 1. 000 0. 997 
; 310 1. 002 0. 99S ~ 906 
2.017 1. 002 Yas 906 
200 1.002 yey : 996 
1. 583 1,003 1. 000 997 
; 81 1. 000 1. 003 1.003 
1.870 } 
1. 870 a1.oo2 1.002 al 000 - 





The results of such an internal precision check are 
given in tables 5, 6, and 7, for the electroscope and 
for the radiation-balance measurements. As before, 
the radioactive effect per Hénigschmid milligram, 
namely, divisions per second for the electroscope and 


microwatts for the radiation balance, has been 
normalized to make the “best average’? in each 


case equal to 100.00. This best average has again 
been yw Boe by dividing the sum of Hénig- 
schmid’s masses into the sum of the radioactive 
effects for each series of three standards. 

In table 8 are shown the values for B, C, and G 
that are obtained by assuming Hénigschmid’s values 
for A and D and multiplying by the appropriate 
adjusted ratios, the values for which are given in 
table 4. In table 4 the results have been rounded 
off to four significant figures. 


TaBLe 5. Radioactive effect per Hénigschmid milligram of 
radium element, normalized to make the best average equal 
fo 100.00 

British intercomparison, February 1954 


Standard 


, Best deviation 

Method , B D iveruce 2 degrees 

of freedom 

Electroscope 99.93 100.31 09.88 100.00 0. 24 
Radiation balance... 100.05 | 100.08 99.85 100.00 13 


TaBLe 6. Radioactive effect per Hénigschmid milligram of 
radium element, normalized to make the best average equal 
to 100.00 

German intercomparison, November 1955 


Standard 


Method i D ( Best deviation 

iverage 2 degrees 

of freedom 

Electroscope 99. 04 09.92 100.28 100.00 0. 21 

Radiation balance 99. 96 99.98 100.13 100.00 09 
TABLE 7. Radioactive effect per Hénigschmid milligram of 


radium element, normalized to make the best average equal 
to 100.00 
Canadian intercomparison, December 1955 


Standard 


Method 1 C D Best deviation 

: iverage| (2 degrees 

of freedom 

Electroscope . . 99.92 | 100. 22 99.90 | 100.00 0. 18 
Radiation balance 100.08 100.06 99.72 100.00 21 


TABLE 8. Values of B, C, and G, in Hénigschmid milligrams 
of radium element as of June 2, 1934, derived from A and D 
by means of radiation-balance and ele ctroscope measurements 


r bi e » 
Radiation balance Electroscope through 


through Average 

Standard ill values 
i D i D 

B 15. 60e 15. 63 15. 65s 15. 66 15. 64, 

Cc 24. 145 24. 22 24. 225 24. 225 24. 204 

G 14. 634 14. 63, 14. 66 14. Hq 14. ths 
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4. Discussion of Results 


4.1. Radiation-Balance Measurements 


The radiation balance permits measurements {oy 
each standard separately or for a comparison of an, 
pair of standards. The practice followed in they 
experiments has, as previously, been that of meagyy. 
ing each standard separately and of making aj 
possible comparisons. There are n(n—1)/2 possibk 
pairs that can be formed from n standards. Theg 
n(n—1)/2 measurements, together with the n meas. 
urements on the standards alone, give a total of 
n(n+-1)/2 observations for the estimation of n quanti. 
ties. Section 3 in the preceding study [2] lists the 
formulas from which the least-squares estimates for 
values of the radium standards have been derived 
These estimates are the so-called “adjusted values,” 
which have been used in all subsequent numeric) 
calculations. 

The differences between the adjusted values and 
the original observations provide an estimate of the 
standard deviation of the measurements. Table ¢ 
shows a recalculation for the comparison of the 
United States standards with the British standard 
and the old Canadian standard. The calculations 
are also shown for the comparison with the German 


. ‘ ° > 
standard and with the new Canadian standard. The 


three estimates for the standard deviation of a single 
measurement are 7.2, 6.4, and 3.8 uw and are in 


TABLE 9. Calculation of standard deviation, in microwatts, for 
each comparison of the national radium standards 


Adjusted 


Standard * Observed Difference (Difference)? 





6271.0 6H280. 6 9.6 92. 16 
B 2566. 3 2563. 8 2.5 6. 25 
Cc 4117 4121.7 4.2 17.64 
D 334. 2 3353. 0 11.2 125. 44 
A—B 3721.2 3716.8 44 19. 36 
A4—C* 2160.9 2158.9 2.0 400 
A—D 2930. 9 2927.7 3.2 10. 24 
Cc B 1558. 6 557.9 0.7 0. 49 
D—B TRH. 5 789. 2 2.7 7.29 
Cc*—D 774.2 768. 7 5. 5 30. 25 
lotal 313.12 
A §204. 4 6298. 6 4.2 17. 4 
D 3368. 5 3369. 9 1.4 1. 96 
G 2416. 6 2411.1 5. 5 30. 25 
A—D 2925. 3 2928. 7 3.4 11. 56 
A—G 3895. 1 3887.5 7.6 57. 76 
D—G O56.8 G58 8 2.0 4.00 
Total 123. 17 
\ 6295. 7 6300. 3 1.6 21.16 
Cc 3Y81. 2 3979. 1 2. 1 4. 4] 
D 3362. 2 3359. 7 2.5 6. 25 
A —( 2323. 6 2321. 2 2.4 5. 76 
A—I 2942. 8 2040. 6 2.2 1 S4 
C- 619.7 619.4 0.3 0.09 
Total. 42. 51 
Standard deviation 
: Total of | Degrees of rem 
Comparison (Difference)?| freedom Quotient Single Adjusted |. 
measure- value 
ment 
British 313.12 6 52.19 4.2 4 
German 123. 17 3 41.08 6.4 4 
Canadian. . 42.51 3 14.17 3.8 2.7 
* C* designates the former Canadian standard [1,2], which was not 


a Hénigschmid standard, 





ynusua 
number 
estimat 
prepara 
~estimat 
be 3.8 4 
The : 
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ments. 
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operator 
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unusually close agreement, considering the limited | ratio is obtained by dividing by the square root of 
number of degrees of freedom available for each | the number of measurements, giving 0.75, 0.85, and 
estimate. In the course of calibrating another radium | 0.85 parts per thousand as the standard deviation for 
ainst A and D at the Bureau, a fourth | the average ratios for the German, Canadian, and 


S for preparation age a . fe ‘ : 
estimate of the standard deviation was also found to | British studies, respectively. 


f any ge 
these be 3.5 uw . 


The standard deviation for the adjusted estimates | 5. Best Estimates for the Hénigschmid 


asur. btained by dividing the calculated standard devia 
a » g *caiculht ‘aS ‘ad devia- 
g ay Bovtaines ”’. = bes | Standards 
sible tion Shown 1n table 9 by the square root of (n+1)/2, | 
; tore n sté ards have furnishe (n 9 cre. ots - 
hesq where » standards have furnished n (n+ 1)/2 measure | Che data tabulated in table 4 have been used to 


Meas. ments. — In the present work, with three standards | fit straight lines to points that have been plotted 
al of. the divisor is y2, and with four standards the divisor using the radiation-balance ratio as ordinate and the 


anti js 2.5. weight ratio as abscissa. Only the ratios using D 

3 the 4.2. Electroscope Measurements as the denominator are used. The three points 

S for ylotted for the February 1954 data have the coordi- 
I b 


ived,| Comparison of two radium standards by the electro- | nates (1.869, 1.873), (0.7628, 0.7648), (1.000, 1.000). 
ues,” scope is best effected by alternating the two standards | The point (1.000, 1.000) establishes a unit scale where 
rical ina support at a fixed distance from the electroscope | one unit is set equal to 20.45 Hénigschmid milli- 

and taking the ratio of the times (corrected for back- | grams. The line is determined by minimizing the 
-and ground) for the electroscope leaf to fall through a | sum of the squares of the perpendicular distances 
f the specified angle. ‘Three standards are intercompared | from the plotted points to the fitted line. The 
ble § by determining the ratios for all three possible pairs | formulas are given in [2]. A perpendicular from 
~ the of standards, a complete set of readings being taken | each plotted point to the fitted line determines the 
dard by each of two operators. These measurements | coordinates of matching points on the line. The 
tions were repeated twice, using two fixed distances from | abscissa for each point is then converted back to 
man| the electroscope for the new Canadian standard, | Hénigschmid milligrams by multiplying by 20.45. 
The whereas four different distances were used in the | The weights corresponding to the points on the line 
ingk work with the German standards. In the earlier | are compared with Hénigschmid’s masses in table 11. 
re in work [1] with the British standard and the old 

Canadian standard, three operators and two distances TABLE 11. Estimates, in Hénigschmid milligrams, of the 


's, Jo" were used and a complete repetition made, so that 12 masses of the Hénigschmid radium standards as of June 2, 

measurements were available. 1934 
Statistical examination of the results showed them 

independent of both distance and operator. The ww i B ( D G 
standard deviation for any particular ratio was - 
determined from the 8, 6, or 12 individual deter- Hénigschmid’s mass 38.23 | 15.60 | 24.15 | 20.45 14. 61 
minations available. The standard deviations eal- Mass derived from radiation { 38.287 | 1A. 60; 20. 43; 
culated for the various ratios are shown in table 10, SS a ee aM Sen | ae 
both as calculated and when expressed as parts per oer Set as 
. > » ° rin Mass de eo 0 electro- 38. 21; i28 2 2 _ 
thousand ol the average value for the ratio. Che —— and poem See - — <a: 24. 177 0 a 


standard deviation for a result obtained by one | 38 225 a) =e 
operator working at one distance is 2.1 parts per ; : 
. ® These results differ slightly from those given in table 5 of reference [1], the 


thousand. | he standard dey lation for the average computations having been repeated giving greater weight (k=1) to the electro- 
scope ratios than in that paper (k==2 


- : | 
Tasce 10. Standard deviations for ¢ ectroscope measurements 


Three similar lines were calculated for the ratios ob- 
tained with the electroscope. In every instance the 


Standard deviation 


— —— | os - -—- derived masses in Hénigschmid milligrams agree with 

compared * | unadjusted ments! Absolute | Parts per | Hénigschmid’s masses within his stated weighing 

— errors. In order to be assured that no preference was 

uD ite ‘ om at given to D, in taking it as unity in the estimates of 

WG . GO . 0058 2.2 the best values, the calculation was run again in the 

wee , a m1 | BAD and GAD series, respectively, taking B and G, 

: be oo ; pond +: the smallest standards, as unity. No greater differ- 

tion Di 0. S454 0013 1.6 | ences than 2 or 3 parts in the third decimal place 
7 i/¢ 1. 8703 12 0043 2.3 | were, however, observed. ; 

sted he eo 7 oo -? It should be emphasized that these derived masses 

. 9 0. 64246 12 o0z2 4 | are the best estimates of the values of the Hénig- 

CD L918. 12 “nes 23 | schmid standards so far as the National Bureau of 


Standards results are concerned. Internationally 
7 *C* designates the former Canadian standard [1, 2], which was not a recommended values must await the correlation of 


Hénigschmid standard . 3 bor ‘1es 
ee > Degrees of freedom equals number of measurements minus 1 the results from all other la oratories. 
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Temper Brittleness of Boron-Treated Steels 


Samuel J. Rosenberg 


Two series of steels, melted to the base composition of 8140, were studied to ascertain 
whether titanium and zirconium (present in many commercial boron addition agents) had 
any adverse effect upon the impact properties of the base steels, particularly with reference 


to temper brittleness 


The results obtained indicate that with fully hardened steels tempered at 1,200° F, 


the 


presence of relatively small amounts of titanium as introduced into the test steels by the 
boron addition agents is sufficient to cause an impairment in the Charpy V-notch impact 


properties of the steels or an increased susceptibility to temper brittleness, or both. 
was confirmed by the addition of titanium without boron. 


This 
Similar effects, previously thought 


possibly due to the presence of zirconium, were not observed. 


1. Introduction 


A study of the impact properties of boron-treated 
steels, conducted at the National Bureau of Stand- 
ards, ' indicated that boron itself had no effect upon 
the phenomenon of temper brittleness. The in- 
creased susceptibility to temper brittleness of some 


of the boron-treated steels was ascribed to other 


elements present in the steels in small quantities 


from the addition agents) and, by the process of 
elimination, it appeared that titanium and zirconium 
may have been responsible for the effects observed. 
The purpose of this study was to establish whether o1 
not these elements are responsible for increasing the 
susceptibility to temper brittleness of boron-treated 
steel. 

The steels tested previously were from a com- 
mercial open-hearth heat of 0.4 percent C, 1.6 percent 
Mn base composition; the steels melted for the 
present study were electric- and induction-furnace 
heats of the 8140 type. 


2. Steels Investigated 


One series of steels was melted at the U.S. Bureau 
in a 500-lb basic electric- 
are furnace. In order to control variations in base 
composition, only one heat was used. The melt was 
deoxidized with aluminum (2 |b/ton) and then split 
seven ways. All additions of boron were made in 
the ladle, and the compositions of the addition 
agents are given in table 1. Addition agents X, Y, 


sand Z were commercial agents selected so that X 


contained neither titanium nor zirconium: Y con- 
tained titanium but not zirconium: and Z contained 


both titanium and zirconium, The steels were 
poured in the following order: 
Steel M731 No addition (base 

M732 FeB. 

M733 Addition agent X. 

M734 FeB plus FeTi. 

M735 Addition agent Y. 

M736 Addition agent Z. 

M737 FeB plus FeZr. 


A study of the impact properties 
March 1956 


Samuel J. Rosenberg and John DD. Grimsley, 
‘ dboron-treated steels, J. Lron Steel Inst, 182, 278 


TABLE 1. Composition of the addition agents 
Percentage by weight * 
Addition 2 * 
B ri Si Cc Mn Zr Al 
Ferroboron 10. 84 . 
Ferrotitanium . | 18.12 7.2 , 
Ferrozirconium 39. 43 
Agent X__. 3.75 45. 00 . 
Agent Y..-. 2.40 18.15 3.50 | 5.42 ‘ 
Agent Z.... 0.49 | 18.96 3.03 | 0.16 | 8.28 3.20 | 12.70 


* Analyses were made only for the elements indicated. 


All steels were poured into split steel molds, 2% in. 
square at the bottom, 3% in. square at the top, and 15 
in. tall, equipped with hot tops. After discarding 
the hot tops, the vield was about 35 lb of usable 
metal. 

A second series of 8140 steels was melted in an 
induction furnace at NBS. This also was a split 
heat deoxidized with aluminum (2 lb/ton), and, as 
before, the additions noted were made in the ladle. 
The order of pouring was as follows: 


Steel M744 No addition (base). 
M745 FeTi. 
M746 FeZr. 
M747 Feb. 
M748 FeB plus FeTi. 


The sixth steel, designed to have an addition of FeB 
plus FeZr, unfortunately was lost. Analyses of the 
two series of steels are given in table 2. It will be 
noted that the boron contents of the Bureau of 
Mines steels were higher than those normally ob- 
tained in boron-treated steels; those of the NBS 
steels were within the normal range. 

The ingots were cleaned by shot-blasting or grind- 
ing, forged to 2% in. square, and then rolled to 1\-in.- 
thick plate. A 5-in. length was sheared from the 
bottom of the slabs for Jominy specimens, and the 
remainder of the slabs were rolled to %-in.-thick 
plate. Hot-working was started at 2,150° to 2,200° 
F and continued to 1,600° to 1,700° F; each slab 
was reheated once during fabrication. The hot- 
rolled plates were cut into lengths of 14 in. prior to 
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TABLE 2. 


Compositions of the test steels 


Percentage by weight* 


Steel Addition 
( Mn P s Ni Cr Mo 1 Zi B N 
M731 None... 0.43 0.85 0.022 6.018 0. 22 0. 30 0). 52 0.12 0. (we 
| M732 FeB e 0. 0035 O05 
| M733 Agent X 0025 005 
| M734 FeB+FeTi 0.015 0036 O06 
| M735 Agent Y O16 O47 O07 
| M736 Agent Z 033 0. 004 (w24 007 
| M737 FeB+ FeZr 43 “) (2S 4 2 31 “ 12 OOS OO3S8 O06 
| 
| M744 None i) Wi nf ol2 32 31 ww ll Th 
M745 FeTi at) 02 00: 
M746 FeZr 34 003 005 
M747 FeB 3Y . OO1S 005 
M748 FeB+FeTi 4s SS 32 0 19 il 02 OO16 006 
* For steels M731 to 737, inclusive, analyses for C, Mn, P, 8, Si, Ni, Cr, and Mo were made on drillings from the first and last ingots by the Bureau of Mines, Ay 
other analyses were made at NBS. All analyses were made on samples taken from the tops of the ingots after discarding the hot tops ‘ 


Not added to these particular steels and presumed not present, hence no 


normalizing. The schedule of heat 
machining operations was as follows: 
Normalize—1'% hr at 1,650° F, air-cool. 
Rough machine specimens to 2.165 in. 
0.415 in. square. 
Harden—'s hr at 1,600° F, oil-quench. 
Temper—1 hr at 1,200° F, cool at three different 
rates: (1) water-quench, (2) air-cool, (3) fur- 
nace-cool at 30° F/hr. 
One group of specimens water-quenched from 
the tempering temperature was stress-relieved 
1 hr at 600° F: another group of water- 
quenched specimens was isothermally treated 
by holding for 48 hr at 930° F. Some of these 
treatments were omitted on some of the steels, 
as indicated in the discussion. 
Following heat treatment, all specimens were ground 
to size (0.394 in. square) and notched (Charpy 
standard V-notch) The hardnesses resulting fron 
these various treatments are given in table 3. 


treating and 


long by 


Hardness the 


tempering at 1,200 BF 


TABLE 3. of Charpy impact specimens atte 


. 
Rockwell C®, after indicated treatment 
| Steel Addition agent Water Fur Water 
Water- quenched Air nace quenched 
quenched plus lhr cooled cooled plus 48 hr 
it 600° F it G30° I 
M731 None 27.1 26. 1 25. 7 25. 7 27.4 
M732 FeB 27.0 25.3 25.4 25.7 27.2 
M733 Agent X 27.2 26. 6 26. 0 26. 2 27.7 
M734 FeB+FeTi y.f 27.1 26 26. 7 
M735 Agent Y 27 27.0 2th. 4 26 28. () 
M736 Agent Z 27.8 27.5 26.9 27.2 
M737 FeB+FeZr 26.4 25.7 25.7 25. 8 27.¢ 
M744 None 24.5 22.6 23. 5 
M745 FeTi 24. 2 23.6 ry § 
M746 FeZ 23. 21.8 22.7 
M747 FeB 3.3 1.9 22 
M748 FeB+FeTi 4.58 22.9 23.7 
* Each hardness value represents the average of all determinations made or 
all of the specimens given the indicated treatment 
» These treatments followed the l-hr temper at 1,200° F 
3. Results and Discussion 
End-quench (Jominy) hardenability tests were 


made on specimens of all of the steels; the results are 
shown in figures 1 and 2. The effectiveness of the 


inalyses were mad 
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FIGURE 2. End-que nch hardenability curves of the steels melted 


at the National Bureau of Standards 


boron addition in increasing the hardenability of all 
the boron-treated steels melted at the Bureau of 
Mines is apparent (fig. 1); 
\[747 melted at NBS did not, however, show any 
increase in hardenability (fig. 2). It has been 
shown ? that only the portion of boron that is in solid 
solution at the time of quenching contributes toward 
an increase in hardenability. Boron that is undis- 
solved or in the form of compounds is ineffective. 


irwile, Effect of boron 
Research 


Thomas G. Digges, Carolyn R. Irish, and Nesbit L. C 
on the hardenability of high-purity alloys and commercial steels, J 
N Bs 41, 545 (1948) RP1938 
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Although steel \1747 was treated with aluminum, 
it is possible that all of the nitrogen was not fixed as 
aluminum nitride and that nitrogen combined with 
the boron to form a boron nitride. That the boron 


was not lost from the steel during hot-working was 


confirmed by a check spectrochemical determination 
made on the Jominy specimen itself; the value of 
0.0017 percent of boron obtained was a close check of 
the original value of 0.0018 percent (table 2). 
Charpy impact tests were made over a range of 
temperatures from ambient to —320° F; generally 12 
specimens were required for establishing the curve of 
impact energy versus test temperature. Because of 
a shortage of material, the curves of some of the 
isothermally embrittled Bureau of Mines steels were 
defined by fewer specimens. Usually one specimen 
was broken at each temperature, although in some 
eases duplicate specimens were used. All impact 
tests were made in a machine of 240-ft-lb capacity; 
specimens were cooled in suitable liquid baths for at 
least 30 min prior to breaking. After fracture, the 
relative proportion of brittle and fibrous fracture was 
determined for each specimen. Results of the im- 
pact tests are presented graphically in figures 3 to 14. 
Examination of the curves summarizing the data 
obtained on the Bureau of Mines steels (figs. 3 to 9 
ising’ the W ater-quenched steels us a base, showed 
that air-cooling from the tempering temperature 
had a generally minor effect upon the impact prop- 
erties. A stress relief at 600°F after w ater-quench- 
ing from the tempering temperature also had a minor 
effect upon the impact properties. Furnace-cooling 
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Fiaure 5. 


embrittling effect on all of the steels, as did the 48-hr 
treatment at 930°F following water-quenching from 
the tempering temperature. This last treatment 
was not used for steels M734 and M736 because of 
insufficient material. 
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In view of the trends shown by]the Bureau of 
Mines steels, no tests were made on the NBS steels 
as air-cooled from the tempering temperature, nor 
as water-quenched followed by the stress-relief 
treatment. Only steel 1747 (FeB, fig. 13) showed 
no temper embrittlement. Because base steel 41744 
(fig. 10) showed some temper embrittlement, it 
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would seem as if the addition of boron alone were , 
curative; that this is not so may be seen by comparing 
the corresponding Bureau of Mines steels (figs.3 and 4) 
and from the results of a previous study (see foot. 
note 1). 
contained 0.0035 percent of B, and the hardep. 
ability was increased over that of the base steel: the 
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Im pac t curves for the National Bureau of Standards 
steel M745 (FeTi). 
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Standards steel M747 (FeB). 
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Standards steel M748 


NBs steel \1747 contained 0.0018 percent of B, and 
hardenability was not increased over that of the 
base steel. The actual reason for the differences in 
susceptibility to temper brittleness of the two steels 
treated with ferroboron alone is not known 

The summary curves presented in figures 15 and 16 
may be used to compare the effects of the various 
addition agents upon the impact properties of the 


ditions of treatment investigated (fig. 15), steels 
M734, M735, and M736 (curves 4, 5, and 6, respec. 
tively) compare unfavorably with the base steg| 
(curve 1). These three steels were treated either 


with addition agents or ferroalloys that contained 


titanium. The additions incorporated in steels 
M732, M733, and M737 (curves 2, 3, and 7. respec- 
tively) had but negligible effect upon the impaet 
properties as compared with those of the base stee] 
and none of these additions contained titanium, 
although they contained boron or zirconium or both, 
For the NBS steels (fig. 16), the deleterious effect of 
the titanium additions, alone or with boron (curves 
B and E), was not evident in the water-quenched 
steels. However, when isothermally treated at 
930°F or when furnace-cooled from the tempering 
temperature, a slight deleterious effect was observed. 
The steel treated with ferroboron (\1747, curve D 
actually showed somewhat better impact properties 
than the base steel in each of the three conditions: 
the steel treated with ferrozirconium (\1746, curve 
() showed slightly better impact properties than the 
base steel in the water-quenched condition only, 
Considering both series of steels (figs. 15 and 16). 
it may be concluded that, qualitatively, titanium 


has an adverse effect upon the impact properties of | 
the steels as fully hardened and tempered at 1,.200°F ? 


and that boron and zirconium do not. 

The transition temperatures of the various steels 
were determined, using different criteria, as 
follows: 

1) The minimum temperature corresponding to 
0-percent-brittle fracture. 

2 The temperature corresponding to 50-percent- 
brittle fracture. 

3) The temperature corresponding to the average 
energy level. The average energy level was ob- 
tained by taking the arithmetic mean of the average 
value of the upper (maximum average) and lower 
minimum flat portions of the curve of 


seven 


uverage) 








pa eee ae eee 




















steels. For the Bureau of Mines steels in all con- | impact energy versus test temperature. 
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teels P WATER QUENCHED «Co [waren Quencnen puus 40 nouns’ | 5. For more ready comparison, the various transi- 
pec-; °° 0 aa | ar snore ~_ | | tion temperatures are plotted as bar graphs in figures 
steel (fin 0 poe=={ | 17 to 23, inclusive. cy 
the| * i i a oe be Obviously, the transition temperatures and the 
ined = ,, i} 8 ee relative ratings of any two steels could be influenced 
eels } i ly | | by the transition criterion used. In spite of these 
pec-| 2, V4 _# | | variables, however, it is significant that, with all 
pact | = eee = . oo” seven of the criteria utilized, the steels containing 
tedl,| 9 gf 1 ee } | titanium (M734, M735, M736, M745, and M748) 
ium, | 2 go} FURNACE cooLEO | | generally have higher transition temperatures than 
oth. = en | | the corresponding base steels. A few exceptions to 
‘tof! Feo (ae aati — this generalization may be observed for the unem- 
rves = > gm 745) Fe? | | brittled conditions (water-quenched, water-quenched 
thed | 40 JX eee or == Fezr 1 | plus 1 hr at 600° F, and air-cooled); however, even 
at if/ rim rae) es ee yger, | | In these cases the embrittling treatment caused a 
ring | 20} ff | greater increase in the transition temperature of 
ved tle | the steels containing titanium than was observed 
Dd Wiha - ere ~ - _with the base steels. Although none of the steels 


ties TEST TEMPERATURE . °F / contained as much zirconium as was desired, it was 
Ons; FIGURE 16. Summary of impact curves for the National Bureau } apparent that the zirconium present had no signifi- 


Irve of Standards steels. | cant effect upon the impact properties. 

the _ Although several criteria for transition temper- 
(4) The temperature corresponding to 80 percent | ature have been used, it is believed that the criterion 

16), of the maximum average energy. | of 50-percent-brittle fracture possibly has the great 

ium (5) The temperature corresponding to 40 ft-lb. est significance. Using this criterion, figure 24 has 

sof, (6) The temperature corresponding to 30 ft-lb. | been prepared so as to give a quick comparison of 

0°F } (7) The temperature corresponding to 20 ft-lb. the shift in transition temperature caused by furnace- 


The transition temperatures so derived, together | cooling from the tempering temperature as compared 
eels with other pertinent data, are given in tables 4 and | with the corresponding water-quenched steel. In 





TABLE 4. Transition temperatures—Bureau of Mines steels 
y to - , 
i 
Average energy level | 
Steel Tempering treatment * 0°) -brittle 50° -brittle 80°; maximum | 40 ft-lb | 30 ft-lb} 20 ft-lb 
ent- 1 hr at 1,200°F fracture fracture average energy | 
Max Min Ave Temp | 
rage 
F ft-lb F ft-lb ft-lb ft-lb ft-lb oF ft-lb oF a! md °F 
ob- W.Q. 62 44 —79 33 62 15 38 —69 50 58 —67 —87 | —123 
rage IW Q.+1 hr at 600°F 65 56 80) 32 65 15 40 ~73 52 —70 —73 —85 | —124 
ad M731 (base A.C on a) 57 76 33 61 1! 36 -69 49 55 —62 —R85 —129 
wer F.C 23 50 54 28 56 14 35 -40 45 31 —35 —5i0 | —81 
. of W.Q.+48 hr at 930°F 25 44 —45 30 51 12 32 —40 41 29 -29; -#4 7 
W.Q 57 52 92 27 59 15 37 82 47 71 ~80 —86 | —123 
IM Q.+1 hr at 600° F 54 46 80 28 59 13 36 68 47 53| -—63| —76| —108 | 
M732 (FeB A.C 54 48 &3 2s 57 15 36 72 46 59 —68 —79 | —119 
F.C 13 47 44 26 55 15 35 —28 44 17 —21 —36 —62 
W.Q.+48 hr at 930°F 9 46 31 23 54 13 34 18 43 11 -15 —21 —43 
W.Q 65 2 RY 30 58 14 36 79 46 69 ~75 —89 | —122 | 
W.Q.+1 hr at 600° F. 65 54 76 33 58 14 36 -73 46) 68 —71 83 :* 127 
M733 (agent X A.C #2 52 90 30 57 14 36 80 46 68 75 —91 | —138 | 
F.C 17 46 is 26 51 11 31 36 4] 23 24 —38 | —73 
W.Q.+48 hr at 930° F 15 40 36 22 50 10 30 —24 40 -13 13 —24; —45 
W.Q 30 41 52 29 48 13 30 —46 38 34 —32 48 —85 
IW ().+1 hr at 600° I 20 12 44 34 40 12 30 53 39 31 —28 54 — 86 
M734 (FeB+FeTi A.C 30 44 4 27 52 13 32 47 42 32 33 — 54 —90 
F.C +10 3S 16 26 44 12 2s 1! 35 +5 | +16 —6 —34 
W.Q.+48 hr at 930° F 
W.Q 23 45 58 30 53 13 33 oD 42 30) 34 59 99 
li Q.+1 hr at 600°F 18 41 41 26 44 13 28 37 $5 26 20 34 | 66 | 
M735 (agent ¥ <A.C 6 43 43 28 48 13 30 37 38 22 17 38 —77 | 
! Cc +32 41) +7 24 43 12 2s +14 a4 +21 +30 +17 —7 
W .Q.+48 hr at 930°F +49 34 +13 20 40 12 2 +31 32 +42 +115 +38 +11 
W.Q 49 44 3 25 53 14 34 69 44 51 58 76 116 
W.Q.+1 hr at 600°I 43 45 71 27 40 10 30 65 39 53 12 63 as 
M736 (agent Z A.C iv 44 68 28 49 13 31 61 39 52 51 —f2 —97 
F.C +11 40) 20 26 44 12 28 14 35 +2 +10 —9 —42 
W.Q.+48 hr at 930°F 
W.Q W 54 87 33 57 15 36 83 46 72 —78 —92 123 
IW ().+1 hr at 600°F 65 53 87 28 ni) 15 36 73 45 66 6S M4 —120 
M737 (FeB+ FeZr (A.C 50 i) 77 32 58 15 36 67 46 55 —2 81 ~123 
F.¢ 24 46} 55 29 19 10 30 53 39 34 32 —52 84 
LW.Q.+48 hr at 930°F 13 44 52 24 47 14 30 37 3S 25 21 37 65 
+. Q.=Water-quenched from tempering temperature A.C.=Air-cooled from tempering temperature F.C,.=Furnace-cooled from tempering temperature 
PF /hr 
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TABLE 5. 


Transition temperatures 


NBS steels 


Average energy level 


Steel rempering treatment * 0°) -britth 50°,.-brittle 80°> maximum | 40 ft-lb | 30 ft-lb | 20 ftp 
1 hr at 1,200°F fracture fracture average energy 
Max Min Avg Temp 
} ft-lb } ft-lb ft-lb ft-lb ft-lb I ft-lb I I } 
jw Q 74 tits 101 37 74 1: 43 2 59 79 On 122 | —169 
M744 (base F.C 52 62 82 34 6S 10 39 7s 54 65 77 88 | ~113 
lw Q.+48 hr at 930° F 7 62 aS 36 67 12 10 Sl 4 72 x) ON ~12% 
jv Q 77 2 95 4) 6s 14 il Ww a 73 ut 111 | ~15) 
M745 (FeTi F.C 10 As 65 33 62 i) 36 2 19 $ WT 70 | ~104 
Iw Q.+48 hr at 930°F $s At 72 33 59 10 34 69 17 él 7s 109 
jw Q Ys fi2 110 45 77 13 5 110 il 9Y 114 126 158 
M746 (FeZr -~ 65 63 3 35 73 12 42 77 5s 69 7S 93 ~144 
lw Q.+48 hr at 930° F “4 60 SH 2s 70 14 42 71 aT) 68 72 81 | —139 
\“ Q 106 110 42 73 14 43 110 5S 103 110 115 | ~158 
M747 (FeB F.C 106) 7 110 30 66 10 3S 108 ‘4 10S 10S 109 | ~)}3 
IW Q.+48 hr at 930° F 106 $s 110 33 67 10 38 106 54 v7 105 113 134 
jw Q. 51 63 wo) 43 70 12 41 93 Wh 69 W5 111 ~139 
M748 (FeB+FeTi F.C 14 60 67 34 70 5 Rit) 5s a) 12 i 77 | —106 
lw Q.+48 hr at 930° F 43 52 76 32 65 ” 37 63 52 43 WS 80 —110 
®W.Q.= Water-quenched from tempering temperature A.C Air-cooled from tempering temperature F.C, =Furnace-cooled from tempering temperatyry 
(30° F hr 


assessing the magnitude of these shifts, which are a 
direct measure of temper embrittlement, consider- 
ation must also be given to the effects the addition 
agents have upon the transition temperature of the 
water-quenched steels. For instance, in figure 24, 
the transition temperature of steel M734 (FeB- 
FeTi) has been raised 36 deg F by furnace-cooling 
as compared with water-quenching from the temper- 
ing temperature and the corresponding shift in steel 


temperature of the titanium-treated steel M734 as 
water-quenched was —52°F—a value considerab) 
higher than that for the zirconium-treated steel 
M737 (—87°F). Apparently the titanium addition 
was sufficient to raise the transition temperature of} 
the water-quenched steel so much that the additional 
shift caused by furnace-cooling appeared innocuous, 
Indeed, the transition temperature of the titanium. 
treated steel M734 as water-quenched was actually 













































































M737 (FeB+FeZr) was only 32 deg F—certainly an | higher than that of the zirconium-treated steel M737 
insignificant difference. However, the transition | as furnace-cooled (—52° and —55°F, respectively 
BUREAU OF MINES STEELS 
M731 - BASE 
[] w732- Fee NBS STEELS 
f] M734- FeB+FeTi M744 - BASE 
M737- FeB+Fe Zr f] M747 - FeB 
A M733- AGENT X f] M748 - FeB+FeTi | 
A M735- AGENT Y By M745 - Fe Ti | 
M736- AGENT Z 7 (] M746 - Fe Zr | 
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Fiaure 17. Transition te mperatures of the various steels (transition criterion, O°p-brittle fracture 
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FiGuRE 18, 


BUREAU OF MINES STEELS 





z M731 - BASE 
f M732-FeB 


f] M 734 — FeB + FeTi 


Be] M737 —FeB + FeZr 
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ie M733- AGENT x 
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Transition temperatures of the various steels 


NBS STEELS 
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(transition criterion, 50° -brittle fracture). 
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BUREAU OF MINES STEELS 
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[] M732 - FeB 

M734 - FeB + FeTi 
Si M737 - FeB + FeZr 
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NBS STEELS 
a M744 - BASE 
f M747 - FeB 


{] M748 - FeB + FeTi 





B) M745 -FeTi 


(] M746 -FeZr 

















(transition criterion, average energy level). 
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IGURE 20. Transition temperatures of the various steels (transition criterion, 80% of the maximum 


average energy). 
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NBS STEELS 
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Figure 21, Transition temperatures of the various steels (transition criterion, 40 ft-lb). 
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[] w732- Fes NBS STEELS 
[] M734 - Fea+Fe Ti a M744 - BASE 
f) m737- Fee+Fezr [] w747-Fee 
f] m733- acent x (| M748 - FeB+Fe Ti 
[| M735 - AGENT M745 - Fe Ti 
y M736 - AGENT Z : (] M746 -FeZr 
- 4 
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: ~ 
. SB 
fa | Be 
w.Q.+ 
48HR AT 
930°F 
Figure 22. Transition temperatures of the various steels (transition criterion, 30 ft-lb). 
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Transition temperatures of the various steels (transition criterion, 20 ft-lb). 
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M733 AGENT xX 







M735 AGENT Y 





M736 AGENT Z 


M744 


M747 





u748 FeB + FeTi 






M745 FeTi 


M746 


—2 -96 -80 -64 -48 -32 -16 ce) 
TRANSITION TEMPERATURE, °F 
Figure 24. Increase in transition temperature (50% -brittle 


fracture) of the furnace-cooled steels as compared with the 
corresponding water-quenched steels. 


Open bars give the transition temperatures of the water-quenched steels; 
shaded bars those of the furnace-cooled steels. The lengths of the shaded bars, 
therefore, indicate the increase in transition temperatures. Steel M747 had the 
same transition temperature in both conditions of treatment 


It is obvious that any attempt to measure the effect 
of the addition agents in causing temper brittleness 
merely by calculating the shift in transition temper- 
ature caused by the embrittling treatment on the 
individual steels can give erroneous conclusions as 
to the effect of these addition agents upon the impact 
properties in general. 

In figure 25 these same data have been replotted 
to show the shift in transition temperature caused 
by furnace-cooling the various steels as compared 
with the water-quenched base steel. Here the dele- 
terious effects of the titanium additions on the 
impact properties stand out clearly. The steels so 


treated were M734 (FeB+FeTi), M735 (addition 
agent Y), M736 (addition agent Z), M748 
(FeB+FeTi), and M745 (FeTi). The additions 


incorporated in the other steels had a_ negligible 
effect upon the impact properties. The same 
general picture would have been evident had the 
isothermally treated steels been compared with the 
water-quenched steels. 

Even though the same general trends were observed 
both in the series of steels melted at the Bureau of 
Mines and at the National Bureau of Standards, 
the impact properties of the NBS steels were 
markedly superior to those of the Bureau of Mines 
steels. The cause of this difference in impact 
properties is not clear. It is possible that the 
slightly lower carbon content of the NBS steels 
may be partly responsible. 



























































T T | qT | | T . 
M731 |-79 -54] BASE 
M732|-92 -44| FeB 
M734|-52 16 | FeB + Fer 
M737 | -87 -55 | FeB + FeZr 
M733 | -89 -48] AGENT X 
M735 |-58 AGENT Y 4 
M736 | -83 -20| AGENT = 
M744] -Ii0! )-s2 BASE 
M747 |-110 -110 Feb 
M748 |-90 -67] FeB + FeTi 
M745 /|-95 -65 FeTi 
M746/-110 |-#3 FeZr 
1 i l a l 1 | 
fe) 16 32 48 64 80 
SHIFT IN TRANSISTOR TEMPERATURE ,°F 
Figure 25. Increase in transition temperature (50%-brittk 


fracture) of the furnace-cooled steels as compared with the 
water-quenched base steel. 


Figures in bars indicate the actual transition temperatures of the various steels 
both as water-quenched (lower temperature) and as furnace-cooled 
temperature). 


4. Summary and Conclusions 


Two series of steels, melted to the base composition 
of 8140, were studied to ascertain whether titanium 
and zirconium (present in many commercial boron 


addition agents) had any adverse effect upon the: 


impact properties of the base steels, particularl 
with reference to temper brittleness. All steek 
were given the same hardening treatment (‘ hr al 
1,600° F, oil quench) and were tempered 1 hr at 
1,.200° F. The rate of cooling from the tempering 
temperature Was varied so as to develop temper 
brittleness and an isothermal embrittling treatment 
also was employed. 

The results obtained 
hardened steels tempered at 
of relatively small amounts of titanium as introduced 


indicate that with full 


into the test steels by the boron addition agents 8, 


sufficient to cause an impairment in the Charpy 


V-notch impact properties of the steels or al 
increased susceptibility to temper brittleness, ot 
both. This was confirmed by the addition ol 


titanium without boron. Similar effects, previousl) 
thought possibly due to the presence of zircomum, 
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e not observed. The zirconium additions, how- 


wer 


ever, . : . 
residual amounts usually found in steels treated with 
addition agents containing zirconium. 


The author is indebted to R. J. Leary of the 
Bureau of Mines, Pittsburgh, Pa., and to R. H. 


were very small, although within the range of | 


Harwell of NBS for their invaluable cooperation in 
melting the experimental steels, and to T. P. 
Royston and C. R. Irish of NBS for their conscien- 
tious assistance during the course of the investigation. 
The study was sponsored by Wright Air Develop- 
ment Center, with Howard Zoeller acting as project 
| engineer, 

| 
| Wasxineton, October 26, 1956. 
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Optical and Volumetric Relaxation Effects in Glass 
Following Removal of High Hydrostatic Pressures 
C. Weir, S. Spinner, I. Malitson, and W. Rodney 


Optical and volumetric 
f hours at 9,000 atmospheres and 21° C, 
was higher than the original value 
12 hours 


associated wit! 
corresponding changes known to accompany 
ire discussed 


1. Introduction 


The de ls ave “l volumetric reac tion of ol: ass subje ected 

to pressure was reported initially by Bridgman [1].' 
The first detailed study of the phe nomenon was made 
by Bridgman and Simon [2], and was followed by 
experiments in which tensile stresses were combined 
vith hydrostatic pressure [3]. The foregoing ex- 
‘ yeriments indicated a threshold pressure below which 
compaction did not occur in most glasses [2]. Weir 
and Shartsis [4] measured the compressibility of 
binary alkali borate and silicate glasses up to 10,000 
atm. They nearly constant total de- 
crease in volume of about 0.2 percent following 
compression. The maximum pressure was con- 
siderably below the reported thresholds for com- 
paction of the alkali silicates [2], and the changes in 
volume were independent of composition. It was 
concluded that the effects observed were caused by 
fragments of penetration of the 
confining liquid into small crevices under pressure [4]. 
Anderson [5] studied the change in density at room 
temperature of subjected to pressure at 
elevated temperatures for periods as long as 1 week. 
He found the process of density change at constant 
pressure to be comple x and to consist of an initial 
reversible increase in density that approached a 
constant value after about 4 hr and a subsequent 
irreversible increase in density that continued 
unabated for periods as long as 1 week. Bridgman, 
ina recent report [6], considers that no irreversible 
, change in density should occur under purely hydro- 
static compression and attributes his previous 
results [2] to the complex stressapplied. He studied [6] 
a soda-silica glass under approximately hydrostatic 
conditions to 100,000 kg/cm? (about 97,000 atm) and 
_detected no change in dimensions on 
pressure. Under the experimental conditions, how- 


observed a 


loss of glass or 


olasses 


ever, very small changes could not have been 
detected. 
Because evaluation of compressibility data on 


glasses require s some knowle dge of the prope rties of a 


delayed volumetric response, it was considered 
desirable to ascertain the magnitude of this effect 
ss oe 


Figures in brackets indicate the literature references at the end of this paper. 


relaxations in glass were 
Following release of pressure the refractive index 
and decreased with time, 
Optical-relaxation curves for lead 
detailed behavior depending on composition and thermal history. 
were observed in fused silica after exposure to even higher pressures. 
index changes were determined interferometrically 
annealing. 


removal of 


studied after compressing specimens 
recovering its initial value within 
glasses were complex, the 

No corresponding effects 
Volumetric changes 
and found to be less than 
Possible implications of the results 


and borosilicate 


in glasses subjected to pressures of the order of 


10,000 atm at room temperature. It was decided 
to measure afiereffects of hydrostatic pressure, 
using the index of refraction as the indicating 


property, because it is known, on theoretical as 
well as experimental grounds, that the index is 
related to the density. The advantage of using the 
index lies in the fact that it can be measured with 
high precision, permitting the detection of small 
internal changes in the glass. 

The data obtained by several workers [7,8, 9] show 
that the index changes linearly witb density for 
the same glass on annealing. Analysis of the data of 
these workers [10], for a borosilicate glass (BSC 517) 
that was similar in composition to the ones used in 


the present study, shows the following empirical 

relationship between relative changes in index, 

An/n, and relative changes in*density, Ap/p: 
Ap/p=3.5 An/n. (1) 


[t can be shown from theoretical relationships be- 
tween density and index [11, 12] that the numerical 
constant in eq (1) should have approximately. the 
observed value, if the index is measured in a region of 
low dispersion. Such an analysis is given sub- 
sequently. Tool, Tilton, and Saunders 7 ] studied 
six glasses of widely different compositions, but the 
value of the numerical constant of eq (1) derived 
from their data was found to range only between 
3.2 and 3.5. 

This report describes the optical relaxation ob- 
served in the index of refraction of glasses subjected 
to hydrostatic pressures of 9,000 atm at room tem- 
perature. Observations on other properties of 
interest, such as dimensions and absorption char- 
acteristics, were also conducted. 


2. Experimental Materials and Methods 
2.1. Glasses 


Most of the studies were made by using a boro- 
silicate designated as BSC 517/645. The 
weight percentages of the component oxides of the 
glass calculated from the batch composition were 


glass 


189 





SiO, 66.4 percent; BOs, 12.4 percent; Na,O, 8.4 | eyepiece. The telescope rotates on a cylindro-conieal} »oduc 
percent; K,O, 11.8 percent; ZnO, 0.5 percent; and | bearing. arrang 
As,O;, 0.5 percent. Two specimens were cut from The divided circle, approximately 3 in. in radiys. with a 
the same large sample. Different refractive indices | is made of glass and graduated in intervals of 4 min| [tw 
(and densities) were obtained by applying different | of arc. The circle-reading microscope employs ap necil 
annealing procedures to each specimen. The higher | optical coincidence micrometer with the eyepiece thereft 
index resulted from annealing at 585° C for 12 hr and | conveniently located below the telescope. Tyo umbe 
cooling at a rate of 4 deg C/hr, whereas the lower | diametrically opposite parts of the circle are simyl- oarat 
index resulted from annealing at 590° C for 12 hr | taneously observed, and the optical micrometer Sage 


and cooling at a rate of 50 deg C/hr. These an- 


permits direct readings to 0.1 sec of are free of any 
nealing procedures are in general agreement with the 


error of eccentricity. The prism table, equipped 


procedures described by Lillie and Ritland [13] for 
obtaining relatively strain-free specimens having a 
uniform index. 

Additional experiments were performed on an 
experimental lead silicate glass consisting of 30 
percent of SiO, and 70 percent of PbO by weight 
as well as a specimen of fused silica of extremely 
high purity [14]. 


2.2. Pressure Apparatus 


The apparatus and techniques used for obtaining 


with tangent screw and clamp, rotates on a vertical 
axis completely independent of the axis of rotation 
of the telescope. A removable table consisting of 
two slides that travel in superimposed ways at right 
angles to each other was constructed and mounted 
on the prism table to facilitate the proper centering 
of the prism with respect to the collimator and tele- 
scope [16, 17]. 

Standard technique for high-precision refractive- 
index measurements was carefully followed in these 
experiments. Measurements before and after com- 
pression showed no change in the refracting angles, 


high hydrostatic pressure have been described in | Repetitive measurements were made at intervals Phe 
detail [15]. Briefly, the glass specimens were im- | over a period of 12 hr, with shorter intervals between °!! 
mersed in a light petroleum distillate in the smooth | measurements when the slope was greater. The shown 
bore of a heavy-walled pressure vessel. A leakproof | indices were determined for two wavelengths, the 4S20WS 


’ . 
the 6438—A line of | The 


piston, forced into the bore of the vessel by means | 5461—A line of mercury and 
of a hydraulic press, generated hydrostatic pressure | cadmium. All index measurements were carried out sented 
by compressing the liquid. This pressure was meas- | in a temperature-controlled laboratory, the tempera- Dupli 
ured with a manganin pressure gage mounted inside | ture of which varied not more than +0.5 deg C boros! 
the vessel. A pressure of 9,000 atm was used in all | during the course of the measurements. in fig 
experiments except one, which used 11,000 atm. With a prism of refracting angle near 60° and index obtair 
Pressure was applied at the rate of 1,000 atm/min | near 1.5, it has been calculated that an error of +1 The . 
until the maximum pressure was attained. This | see of are in measuring the double-deviation angle the es 
pressure was maintained for 4 hr +1 min and re- | leads to an error of 1.7 167° in index. Any error ™&2" 
leased very rapidly. The pressure was dropped | in measurement of this prism angle does not affeet Exe 
rapidly to 1,000 atm, with a subsequent drop to 1 | the results, as long as the angle remains constant, follow 
atm on disassembly of the pressure vessel. The | because the main concern is the change in index. m4 
entire operation of release of pressure and removal It is estimated that the errors in measured angles refrac 
of the specimen required approximately 2 min. do not exceed +0.75 see of are or 41.2107 in| t 
The specimens were chilled by the rapid decom- | index. This estimate is based on comparative meas-  °*P& 
pression of the confining liquid and were transferred | urements between the instruments used and another |. _ 
immediately to vacuum bottles containing water or | high-precision spectrometer and on measurements of | *.9” 
petroleum distillate for transport to the laboratories | the angles of standard prisms and_ stainless-steel with | 
in which the index and length measurements were wedges whose angles are estimated to be accurate to. 
made. The bottles and liquids were thermally | +0.3 see of are. witht 
equilibrated in the respective laboratories for at wher 
least 12 hr prior to use. It was observed experi- 2™4. Dimensional Measurements yo. 
mentally that a 4- to 5-min immersion was sufficient os 


| The dimensional studies were made by using ; essen’ 

Saunders’ [18] refinement of the interferometer cone: 
. ‘ r 

method described by Peters and Cragoe [19]. The i 

ol tw 


to provide thermal equilibrium between the speci- 
men and the excess liquid in the container. The pres- | 
sure equipment itself was contained in a temperature 


controlled room at 21 +1° C. optical flats were separated by two speciinens of the 
1 same glass, only one of which had been subjected to All 
2.3. Refractive-ladex Measurements pressure. Each specimen was ground manually te) occur 
contain three bosses for contact on the bottom flat, | least 
The refractive indices of each prismatic sample of | whereas the test specimen had a single boss and the consi 
glass used in these experiments were measured on a | comparison specimen two bosses for support of the tion, 
precision spectrometer. The collimator and tele- | upper plate. Monochromatic helium 5876—A light | than 
. scope have achromatic objective lenses of 250-mm | was used for illumination. The specimens used were) ton 
focal length and a 27-mm clear aperture. The col- | 3 em in height, and the flats were silvered to produce | there 
limator is equipped with a bilateral variable slit, | a sharpened fringe system. The lower flat was very a 
and the telescope has an Abbe-type autocollimating | close to the bottom surface of the upper flat and | be re 
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Onical) produced a true Fabry-Perot fringe system. This 
yrrangement permitted counting of fractional fringes 


radius, with a precision of about +0.1 fringe. 

4 min) ]t will be noted that a relaxation of the compressed 

YS. an. specimen involves a tilting of the upper flat, and 

epiece| therefore requires a knowledge only of the total 
Two. number of fringes. A variation in the ambient tem- 

simul- perature produces only a translation of the entire 

meter fringe system. 

f any 

m3 2.5. Transmission Measurements 

PTUca 

tation Absorption characteristics of the glasses were 

ing of measured in transmission by using a manually oper- 
right sted commercial spectrophotometer. The specimens 

unted ysed were taken from samples of the glasses used for 

tering the index measurements. 

tele- 

tine, 3. Results and Discussion 

these 

com- 3.1. Optical Relaxation 

= The measurements of index of refraction for differ- 
ween ent intervals following hydrostatic compression are 
The shown graphically in figures 1 to =. Each figure 

the yshows data at wavelengths of 5461-A and 6438-A. 
eof | The index of refraction prior to compression is repre- 
d out sented by the point in each figure at zero time. 
pera- Duplicate measurements were made on the two 
eg C borosilicate glasses, and both sets of data are shown 

in figures 1 and 2. These duplicates represent data 

ndex obtained at different times on the same specimen. 
f +, The dimensions of each point in the figures represent 
angle the estimated precision in index and time measure- 
error ments. — 

fect | Examination of the graphical results permits the 
tant, following general conclusions: 

’, a, A small but measurable relaxation in index of 
ngles refraction follows the release of hydrostatic pressure | 
“6 jn | On these glasses under the conditions of the 
neas- ¢Xperiments. 
‘ther. D. No permanent change in the index of refraction 
ts of is observed, the value after about 12 hr agreeing 
steel with the initial value within the experimental error. 
teto ¢: The reproducibility of the data was generally 

within the experimental error in one case (fig. 2), 
whereas in the other (fig. 1), it was just outside the 
experimental error. Even in the latter case, how- 
ever, curves obtained from either run retain their 
ising 7 essential characteristics, so that any subsequent 
eter conclusions are unaffected by the differences. 
The; d. The relaxation process is complex, consisting 
the | of two or nibre consecutive processes. 
dto All curves show a rather rapid decay of index 
y to: occurring in the first % hr, which is followed by at 
flat, | least one additional relaxation occurring after a 
the considerably longer interval. The second relaxa- 
the | tion, occurring at approximately 400 min, is larger 
ight | than the experimental error of the index determina- 
were} tion only by a factor of about two. In addition, 
luce | there is some uncertainty in the time base. It is 
very conceivable then that the second relaxation may not 
and | be real if some unrecognized systematic error exists. 
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specimen of borosilicate glass subjected to hydrostatic pressure 
of 9,000 atmospheres for 4 hours. 


Initial density of glass, 2.513 g/cm. 
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specimen of borosilicate glass subjected to hydrostatic pressure 
of 9,000 atmospheres for 4 hours. 


Initial densit¥ of glass, 2.530 g/cm. 


Consideration of the precision of the measurements, 
as well as the fact that the phenomenon appears in 
each case, requires the conclusion that the second 
relaxation is probably real. 

In the lead silicate glass, there appears to be a 
third relaxation process occurring, although the 
magnitude of the slowest of these is not appreciably 
beyond the experimental error. It is also interesting 
to note that only in this glass is there any substantial 
evidence that the relaxation processes occur at 
different times for the two wavelengths. This point 
is discussed later. 

Because the two specimens of borosilicate glass 
studied were identical in composition, varying only 
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specimen of lead silicate glass subjected to hydrostatic pressure 
of 9,000 atmospheres for 4 hours 


in their densities, it was expected that the less-dense 
specimen would show the greater effect after com- 
pression. This was actually observed, as shown in 
figures 1 and 2. The less-dense (lower-index 
(fig. 1) shows a greater relaxation than the more- 
dense (higher-index) glass shown in figure 2. It 
will also be observed that the over-all rate of relaxa- 
tion appears to be related to the density. Both of 
these observations apply specifically the initial 
relaxation, as the second effect is so small that no 
reliable conclusion may be drawn. 


elass 


to 


3.2. Fused Silica 


Following the initial measurements on the boro- 
silicate glasses, an attempt was made to observe 
relaxation in fused silica. Measurements made 
under the same conditions as those for the boro- 
silicates showed ho change in index. An addi- 
tional experiment was performed by using a pressure 
of 11,000 atm for 6 hr. No change in index was 
observed under these conditions. It is concluded 
that within the experimental error of these measure- 
ments no optical relaxation occurs in fused silica in 
the time-pressure regions studied. This conclusion 
does not eliminate the possibility of relaxations 
occurring in less than the approximate 7 min re- 
quired to obtain the initial measurement after 
release of pressure. With this reservation, the 
negative finding corroborates the report of Bridgman 
and Simon [2] of the marked threshold for the 
compaction of fused silica. The effect found for the 
borosilicates, coupled with the negative result for 
fused silica, pointed to the possibility that B,O; was 
involved directly in the phenomenon because no 
threshold appears to exist for vitreous B,O, [2]. 
To test this possibility the lead silicate glass that 
contained no B.O, was tested; the relaxation observed 
eliminates the necessity of the direct: involvement 


of B.Osg. 


3.3. Effect of Ambient Temperature 


The precautions taken to maintain constant tem- 
perature during compression, index, and dimensional 
measurements, as well as during the transfer of the 


specimens, have already been mentioned. It is jn. 
teresting to consider the effect of variations in tem. 
perature on the index and dimensional data. 

The index of refraction of most glasses, including 
the types studied here, rises with increasing tem. 
perature in the vicinity of room temperature (20), 
The value of the index-temperature coefficient is op 
the order of 210°°/°C. This means that in order 
to produce the observed initial index increase it would 
be necessary to assume a temperature rise of abou 
15 deg C. This was impossible in view of the experi- 
mental precautions exercised, 

The actual effect of rapid decompression is to 
chill the specimens. Therefore, any difference 
between the specimen temperature and the ambient 
temperature at the start of the index measurements 
would be in a direction to counteract the observed 
index effect. There is, indeed, a possibility that the 
horizontal portion of the curve observed at the onset 
in some of the figures could arise from these Opposing 
tendencies. 

In the case of the dimensional measurements, op 
the other hand, the effect any initial cooling 
would augment the observed dimensional 
increase through the usual thermal expansion of the 
material occurring in the first few minutes of the 


of 


be to 


observations. 
under the experimental conditions 


3.4. General Considerations of Optical Relaxation 


All previous studies of glasses have resulted in 
reports of permanent increases in density [2, 3, 5}. 
Under the conditions of the present 
which used index as a measure of the condition of 
the permanent changes were not observed 
The permanent changes reported by Bridgman and 
Simon [2] may be attributed to the much higher 
pressures used or to the fact that the pressures used 
were not purely hydrostatic [6]. In  Anderson’s 
work [5], temperature was an added variable, but 
the pressures were somewhat lower than the 9,000 
atm used here. 

The index of refraction is related to both the den- 
sitv and the characteristic frequencies of the con- 
stituents of the glass [11,12]. The observed relaxa- 
tion in index might arise from a relaxation in volume 
or in the change of characteristic frequencies or more 
probably a combination of both effects. The ab- 


class, 


sorption properties of the glasses are of importance | 
of An 


in considerations of optical relaxation. 


3.5. Optical Adsorption in the Glasses 


No such thermal effects were noted + 
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It has recently been reported that the ultraviolet 
absorption spectrum of benzene broadens and shifts 
to longer wavelengths on compression [21] and that 
a similar effect occurs in the infrared spectrum of 
deformed alkali halide crystals [22]. In the present | 
experiments displacement of the electronic ultra-| 
violet absorption region toward the measured wave-| 
lengths under pressure and a relaxation of the shift 
on removing the pressure would produce a result of 
type the observed. 
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is in. An experiment was conducted to detect a shift in 
n tem-) the absorption edge of the lead silicate glass. No 
change in the position or shape of the absorption 
luding adge could be detected at 1 atm following compres- 
 tem- con at 9,000 atm for 4 hr. The precision of the 
€ [20]. ,bsorption measurements was only of the order of a 
} 18 On| few parts in a thousand, and in view of the small 
Order | change in index, the negative finding is not unex- 
would yected. 
about © The absorption edge of the lead silicate glass is 
‘Xperi- joeated at approximately 3500 A. The glass was 
. chosen for study for this reason, as well as the fact 
IS to that it contained no B.O ;, because wavelength de- 
erence pendence of the relaxation curves might be expected 
abient jg be in evidence. The data of figure 3 indicate a 
ments | gifference in behavior at 6438 A and 5461 A. From 
served the previous considerations these differences may be 
at the jndieative of absorption-band relaxation, although 
onset gdditional studies to corroborate the observation are 
OSINg required. 
3.6. Volume Relaxation 


ts, On 


poling 

— Volume relaxation in gases and condensed phases 

of the is of considerable interest at the present time, with 

f the attention being concentrated on the subject princi- 

noted «pally by researches involving ultrasonics [23, 24, 25]. 
|The relaxation in index observed here is doubtless 
accompanied by a related relaxation in volume, 

ation | although in view of the foregoing discussion the two 


fects are not necessarily related linearly. As the 
ed in gasses used here are considered to be isotropic and 
3, 5). all changes are small, the relaxation in length may 
rents, . be considered to be one-third of the corresponding 
on of volume effect. 
rved.| Studies of length changes were made only on the 
1 and | borosilicate glass of lesser density, as it would be ex- 
igher pected to exhibit the largest effects. Using the or- 
used | dinary interferometer svstem [19], any relaxation in 
‘son’s | length of the compressed specimen was so small as 
but | to be doubtful. From repeated experiments, how- 
9.000 ever, it was concluded that a real relaxation occurred, 
which gave a value of A/// of the order of 1 10~° 
den-| On using a refined interferometer [18], a value of 
con- 1.2+0.3>107-° was obtained for A///. Although the 
laxa- precision of the measurement was not adequate to 
lume determine reliable rate curves, it was observed that 
more the general shape of the relaxation curve followed the 
» ab- index-time curve, with an initially rapid relaxation 
rance | rate that decreased with time. From figure 1 the value 
of An/n for this glass is observed te be—2.010~°; 
ifeq (1) were valid for this process, a corresponding 
value for A/// would be 2.3107°. Thus the value 
of 1.210-° obtained experimentally for Al// is ap- 
‘iolet | proximately half that predicted by eq (1). It would 
shifts | appear that most of the probable systematic experi- 
that | mental errors (mainly arising from temperature) 
m of; would tend to produce too low a value of An/n and 
sent} too large a value for A/// because the thermal coeffi- 
Itra- | tents of index and length are positive [20] (see. 3.3). 
ave: | lt is concluded, therefore, that eq (1), which de- 
shift! wribes the index-density relationship on annealing, 
It of | does not describe the processes occurring on volume 
tlaxation in the glass studied. 


| 
| 
| 


The previous observations that the relative vol- 
ume relaxation does not agree with that to be ex- 
pected from the annealing relationship (eq 1) indicate 
that the relaxation effect involves shifts in the ab- 
sorption frequencies in addition to the compaction 
(sec. 3.5). This concept may be developed in the 
following way: It may be assumed that the ordinary 
dispersion equations [11,12] apply to these glasses. 
For the purposes of this discussion, similar results 
will be obtained from any of these equations and the 
Sellmeier equation is chosen for convenience. This 
relates the index, n, to the absorption wavelengths, 
d,;, and the measured wavelength, A, by the equation 


9) 


(2 


_ AX 
n*=1-4 2 = yi? 


where «1, is proportional to the number of oscillators 
per unit volume. We are concerned with electronic 
absorption principally, and in the case of a glass the 
A, will most probably consist of an average value of 
a distribution of individual \, for each type of oscil- 
lator. Irrespective of the specific nature of the \,, 
on differentiation of eq (2), the following equation 
mav be obtained: 


dn l AW dA, , 2A~A*rdd 
yy 1 1 t t . ‘ 
»n? = (2 nN? A, ? (Xo —A3)? )] (3) 
Provided dA, A d\V'/V', and in view of eq (2) ea 


3) becomes 


dn ] . , - + 2A, 
=. sa n)dV/V +3 o3a—y3p var | (4) 


it all 
The first term in brackets reflects the change arising 
from dimensional changes alone, whereas the second 
reflects that caused by shift in the \,. For glasses of 
index approximately 1.5, the numerical coefficients 
of dV'/V' reduce to 0.28, which is approximately the 
reciprocal of the numerical coefficient of eq (1). , If 
Add,” —N<K1, the second term can be neglected, 
and eq (1) results from substituting —dp/p for 
d\V/V and rearranging. If the present values of 
dil and dn/n obtained on relaxation are substituted 
in eq (4), it is not satisfied unless the absorption- 
shift term is retained. For these experiments it 
appears that the absorption-shift term and _ the 
volume-change term contribute about equally to the 
change in index. Conversely, it seems that on an- 
nealing, the change in index is almost fully accounted 
for by volumetric changes. 

It is also of interest to note that increasing the 
density by lowering the temperature generally results 
in a decrease in index, indicating that the second 
term of eq (4) predominates [20]. 
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Reference Wavelengths for Calibrating Prism 
Spectrometers 
Earle K. Plyler, L. R. Blaine, and Matthew Nowak 


Standard wavelengths for calibrating infrared-prism instruments have been measured 


from the absorption bands of polystyrene, 


1,2,4-trichlorobenzene, and toluene. 


Several 


bands of didymium glass have been calibrated for the near-infrared region, and 27 rota- 
tional lines of the 3.3-micron band of methane have been measured. 
The wavelengths fall in the region from 0.6 to 24 microns, but the greatest number are 


in the 3- to 6-micron region 
wavelength tables, 
included for identification 


1. Introduction 


Two reports |1]' have been issued by the Bureau on 
calibrating wavelengths for prism spectrometers. 
The present report incorporates the data of the 
earlier reports and gives the results of recent cali- 
brations that have been made. Other papers have 
been published by several laboratories [2] and their 
results are of value for additional calibration points. 
All of the standard wavelengths that have been 
supplied are not sufficient for calibrations needed 
for the range of the infrared region from 0.8 to 1504 
or for the wide variety of instruments used in this 
region, especially with the differences in resolution 
obtained with different prism materials. For ex- 
ample, the CO and CO, absorption bands between 
4 and 5u, are well suited for calibration but cannot 
be resolved into their rotational structure by a rock- 
salt prism. The requirements for the calibration of 
a spectrometer using a rock-salt prism are much dif- 
ferent from those of an instrument using prisms of 
lithium fluoride and of calcium fluoride. When the 
thermocouple of an instrument is replaced by a 
PbS detector, more bands that contain the rota- 
tional structure of gases can be used for calibration. 
Stull higher resolution can be obtained by replacing 
the prism in the spectrometer with a grating. This 
usually allows the use of many bands for calibration, 
and if too high a precision is not required, many 
bands that have been measured on large grating 
struments can be used. 

This report does not include methods of calibra- 
tion of high-resolution grating spectrometers. The 
use Of the fringe system of a Fabry-Perot inter- 
ferometer for accurate measurement of line positions 
observed with grating spectrometers has been pre- 
viously described [3]. 

The calibration points listed in the present paper 
are primarily suited for low-resolution instruments. 


2. Method of Measurement 


A large grating spectrometer can easily measure 
an error not greater than 


sharp spectral lines with 
accuracy can be obtained 


| part in 100,000. This 


——— 
' Figures in brackets indicate the literature references at the end of this paper. 


A few bands of several other materials are also given in the 
and 11 figures of the spectra marked with the calibrating values are 


by using standard lines of neon, argon, krypton, or 
xenon, in higher orders that overlap the band being 
measured, The standard spectral lines or the 
fringe system of a Fabry-Perot interferometer are 
recorded simultaneously with the absorption band 
being studied. The grating spectrometer and the 
method of calibration are described in reference [3]. 

The measurement of the absorption bands of 
liquids and solids under high resolution often reveals 
side bands or complex structure. The way in which 
the components add up to produce a seemingly sharp 
band on a prism instrument must be approximated 
by the intensity and the positions of the various 
components. Any band in the range 1 to 10 yw that 
is found to have an uncertainty of more than +0.003 
uw is not listed as a wavelength for calibration. 

Another approach in the calibration of bands is to 
open the slit of the grating spectrometer so that 
resolution equal to that of a prism spectrometer is 
obtained. This method reduces the high precision of 
measurement with the grating spectrometer, but 
with the wide range of resolution of different spectro- 
meters, the band shapes could not be matched for all 
instruments. In order to avoid the difficulties of the 
low-resolution method, all the bands reported in this 
work have been calibrated with high-resolution 
spectrometers. 

In the measurement of Q-branches of bands, con- 
siderable fine structure is observed. The Q-branch 
of the NH, band at 2.999 yw is shown in figure 1. 
There are 30 or more separate lines and the band 
extends from 2.996 to 3.002 yu; the center on low 
resolution is estimated to be 2.9990 +0.0005 yw. All 
of the bands measured on the grating instrument 
appear to be broad, and the estimate of the center for 
low resolution accounts for the uncertainty given 
with the results listed in the tables. 


2.1. Region From 0.6 to 2.6 Microns 


Although the intense infrared bands of molecules 
are observed at wavelengths greater than 2 y, it is 
sometimes necessary to measure the transmission of 
filters and the absorption of combination bands in the 
near-infrared region. The atomic spectral lines are 
well suited for calibration in this region. The 
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xenon are rich in near-infrared lines, some of which 
have been measured and listed in another publica- 
tion [3]. 

The atomic spectral lines are observed in emission, 
but it is usually easier to use calibrating wavelengths 
in absorption on most infrared spectrometers. 

Several bands of polystyrene, 1,2,4-trichloroben- 
zene, didymium glass, and carbon disulfide have been 
measured from 0.6 to 2.6 w, and the wavelengths 
are listed in table 1. In addition to wavelengths, 
the wave numbers in vacuum, the state, the thick- 


ness, and the material are tabulated. For spec- 
7 ARLE | Calibr ation wave le ngths for prism mstrumerts from 
0.6 to 2.6 p 
Wavelength Wave Thick 
p (air) number State ness Substances 
vacuum 
cm~! mm 
0. 684 +0. 001 14616 Solid 6 Didymium glass 
740 ool 13510 do \ Do 
*. 743 m2 13455 do ( Deo 
748 OO1 13365 do 6 Do 
SDS OOl 12373 do. 6 Do 
SAL) ool 11361 do iH Do 
1. O67 +. OOD U3ny do 6 Ly 
1. 220 oo S105 do 6 Do 
1. 517 003 6590 do ) D 
1. 681 oo2 5047 Film 0.6 Polystyrene 
1.918 003 5212 Solid fh Didymium 
2.144 001 HS Film 0.6 Polystyrene 
62.170 oo2 07 do 6 Do 
2. 187 OO1 4571 do 6 Do 
2. 222 002 sive Liquid } Carbon disulfid 
1.6606 +. 0002 20. 3 do 0.5 1.2.4-Trichlorohbenzen 
2.1526 +. 0002 444.3 do 5 Do 
2.3126 +. 0002 4322.9 do ) Do 
2 4030 +. 0002 4160.3 do 5 Deo 
2. 4374 O02 4101. 6 do. 5 Ly 
2. 404 002 40090 do 4 Do 
2. 43 002 3931 do , Lh 


* Average value of the maxima for 0.740 and 0.748 yw 
> Principal band observed with prism spectrometer 


structure of the CO band at 2.34 u, there are provided 
about 50 lines from 2.3 to 2.5 uw that are known to a 
high accuracy [4]. Table 1 is essentially the same 
as that given previously [1]. 

The observed spectrum of didymium - glass, 
1,2,4-trichlorobenzene, and polystyrene with low 
resolution are shown in figures 2, 3, and 4. 


2.2. Region From 2.6 to 22 Microns | 


The region from 2.6 to 15 u is employed for | 
analysis of many compounds. As there are many 
automatic instruments in use that give the wave- 
length readings directly, it is important to have a 
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Figure 2 Absorption spectrum of didyumium glass, 6 mil 
meters thick, in the region from O0.6 to 2 


miicrons. 
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for a cell thickness of O 5 millimeter. 
—_ SS 
2 ¢— WAVELENGTH 
@ aa a . ~- - * 
=_—s~ = » £4 Fiaure 5. Infrared absorption bands of polystyrene in the 
| “= clalel region of 3.4 microns for a film about 25 microns thick, as 
observed with a lithium fluoride prism. 
| / \ 
ional | 4| \ ; ; 
rided 7 | / | few substances that can be used to check the eali- 
toa! & | | bration of the instrument. A number of absorption 
same 2 \Y | | bands have been measured for this region. The 
° \ | /\ | largest number of bands have been selected from the 
as ’ [\ | spectrum of polystyrene, toluene, and 1,2,4-tri- 
low!) | | chlorobenzene. 
| Polystyrene films are easily made, and the spec- 
trum is suitable for a check of the instrument. 
Several of the bands have been remeasured, and the 
| y | | wavelengths check closely with the previous values 
for | ' | [1], and an estimate of the accuracy of the wave- 
nany | | lengths has been given. 
ave- | | Figure 5 shows the bands in the 3.4-u region of 
ve a “vELENCTH——> a polystyrene as measured with a Lif prism. 
FIGURE 4. Near-infrared spectrum of polystyre ne for a thick- I igure OH is a record of the spectrum from 2 to 
ness of 0.6 millimeter. 15 uw, measured with a rock-salt prism. When. the 
‘ \ “ S/| 
3 
) ‘ , , 1 — Pe. 8 rn 
3 4 & 7 a 3 O i 12 13 14 5 
WAVELENGTH, pt 
nilli- Ficure 6. Infrared absorption spectrum, from 2 to 15 microns, of a 50-micron film of polystyrene measured with a rock-salt prism 
instrument. 
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FIGURE 7. 


Cell thickness was 0.05 mm. 


WA\ 
FiGuRE &. 
Cell was 0.025 ind the in ured with 


mm, sert spectrum from 3.5 to 5 ys was mea 


surfaces of the film are parallel a number of inter- 
ference fringes appear in the spectrum. The fringes 
are of low intensity and usually do not change the 
wavelength of the absorption bands. 

Figure 7 represents the spectrum of toluene. 
Some of the bands that have been measured fall 
close to the calibrated bands of poly styrene and of 
1,2,4-trichlorobenzene (fig. 8). Any of these 
substances would be sufficient for checking any 
changes that may occur in a spectrometer with a 
wavelength scale. 

The absorption spectrum of Corning fused quartz 
has a strong band at 2.7 uw. This band has been 
measured for a calibration point in this region, and 
the center occurs at 2.735 uw. The absorption spec- 
trum is shown for a thickness of 0.7 mm ‘in figure 9. 
With a thinner sample the band is not as broad 
and is less absorbing. This band is produced by 
occluded water and it is not present in all types of 
fused quartz. 

Other materials with absorption bands, listed in 
table 2, are carbon dioxide, carbon disulfide, methyl- 
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TaBLE 2. Calibrating wavelengths from 3 to 24 cyclohexane, and methanol. The wavelengths of 
the bands of methanol have not been remeasured 


Wave but are taken from the work of Borden and Barker [5]. 
Wereeasth | her | State Description Substenc | The spectrum of 1,2,4-trichlorobenzene has been 
uum) measured in the region from 14 to 24 u, figure 10. 


The absorption bands at 17.40, 18.16, and 21.80 u 
were measured on a grating spectrometer. The 


cm 





2 735 0.0002 a me BS cell, 5 Tin Soprte | broad band at 22.76 » was measured on a prism 
_* ops a | spectrometer and is probably accurate to +0.02 u 
310 sneed watens P em = ©) we The absorption spectra of many gases have been 
RP her wee hee a, ~ me measured and would be useful for calibration. If 
a. een the prism spectrometer cannot resolve the spectra 
2008 se ot | gaz | de do _ into the rotational lines, they should not be used. 
. gee ted ee ~ = ~ The atmospheric-water-vapor lines in the vibra- 
$5070 4.0005 | 2860.7 |_--do do Do tional rotational band are not properly resolved with 
5138 +.005 | 1945.8 | do__| 50-p film Do prism instruments, but the pure rotation spectrum 
543 +.003 | 1871.1 |...do do De. from 20 to 150 y is well suited for calibration. These 
ims | 180Z.7 | -do do Do lines have been measured by Randall, Dennison, 
ce gual Wenn ” -_ Ginsburg, and Weber [6], and their article lists the 
sof 06.8 | --.20 m4 De observed wavelengths. 
11.085 906.0 |_-do “do Do The spectrum of methane at 3.3 4 contains many 

a weit sie ke - 4 rotational lines of the P- and &-branches, which 
ae RS A m m are spaced at intervals of about 10 cm~'. This 

aa 340 +.0004 2869.5 do do Do band was recently measured with high resolution, 

| sy x on7 | 19423 |..de do De and many of the lines were found to have several 
5.3818 &.0006 | 1857.6 |...do do Do. components. The spectrum was then recorded 
49 +.002 | 1801.6 | do do Do with a resolution of 0.3 em™!, and the center of the 
Oe coms | see 6 |--do... | Gaaeemen eal. ..| .04-Telhiee components of a line was estimated by comparing 
a Pa a a the results with the high-resolution measurements. 
7067 +. 0002 | 2697.1 |_--do do Do A photograph of the low-resolution trace is shown 
' 5 ange +. 0025 | 1885.1 |_..do do De in figure 11, and the positions of lines are given in 
4 eee |---ae ” a table 3. Where partial resolution is obtained in 
21. 80 158.6 __-do do Do some lines of the P-branch, the wavelength and wave 
—_ one ” = number are listed as applying to the strongest 
2. 5 186.3 |...do ae og ae component. 

—| § 22H 3088.0 | Vapor-.| 5.0-om cell Methanol The absorption lines observed between the meth- 
1 672 1033.6 |___do do Do ane lines are part of the 2», band of atmospheric 
= so pee Caen ee water vapor. The values of the wave numbers of 
3 sss 720.1 |...do do De the lines reported in this table are probably accurate 

| Soe 1375.5 | Liquid. 0.05-mm cell Methyleyclo to £0.05 em~!, but a more precise table of wave 
— a an — numbers, including all the components of the lines, 

viz S428 de do Do will be listed in another paper. 
Hydrogen chloride and hydrogen bromide also 
i sates Vinnie baceneesicace —— have many rotational lines in their spectra that fall 
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FIGURE 11 


Cell length, 5 cm; pressure, 10 em (Hg 


TABLE 3. 


The 


Rotational lines of methane in the 


WAVE 


3.3—p band 





Wave- Wave 

Line length number 

ir vacuum 

“ cm 
Piz 3. 45309 2805. 18 
P. 3. 43937 2006. 72 
P 3, 42801 016, Bt 
Ps 3. 41571 2026, 86 
Ps 3. 40352 2037. 34 
P 3. 39131 2947. 92 
Py 3. 37952 O58. 2 
Ps $. 36760 2068. 67 
P; 3. 35592 2979. 00 
P 3. 34552 2088. 27 
P, 3. 33343 2999. 10 
R 3. 30070 3028, 84 
R 3. 20012 3038. 58 
Ry 3. 27969 3048, 25 
R 3. 26945 3057. 79 
Ry 3. 25032 3067. 30 
R 3. 24932 3076. 74 
R. 3. 239055 3086. 02 
R; 3. 229002 3005. 22 
Rs 3. 22041 3104. 36 
Re 3. 21103 3113. 42 
R 3. 20174 3122. 46 
R 3. 19261 3131. 39 
R 3. 18365 3140. 20 
R 3. 17481 3148. 05 
Ris 3. 16610 3157. 61 
R $. 15751 3166. 20 

in the region from 3 to 5 uw. These gases have 
ry . 
recently been measured by Thompson and _ his 


co-workers [7] on a grating spectrometer, and the 
positions of the lines are listed in his papers. 
) 


The absorption bands listed in tables 1 and 2 are 


NUMBERS ,cm~ 


3.3-micron band of methane with medium resolution. 


; D 
selected for the calibration of spectrometers of low poo 
or medium resolution. The calibration of high- Bur 
resolution instruments would require atomic-spectral hehe 


lines or the rotational lines of the bands of gases. hich 
Additional calibrating wavelengths can be ob- iyo 
tained by using the bands of methane and ammonia, gy 


which almost completely cover the range from 6 t il te 


12 u. The wavelengths for these lines have not beer we 
listed because no high-precision measurements of 
these spectra are available, but the current measure- 7, , 
ments in the literature are sufficiently accurate for 
the calibration of prism spectrometers. 
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‘tensile Properties of Copper, Nickel, and 70-Percent-Cop- 
'per-30-Percent-Nickel and 30-Percent-Copper—/0-Percent- 
nf Nickel Alloys at High Temperatures 


| | William D. Jenkins, Thomas G. Digges, and Carl R. Johnson 





high-purity nickel, copper, a 70-percent-nickel—30-percent-copper alloy, and a 70-percent- 
copper—30-percent-nickel alloy. The high-purity component metals and the two alloys 
were investigated in the initial conditions, as annealed for a uniform grain size, and as cold- 
drawn 40-percent reduction in area. The results were affected markedly by variations in 
the nickel content, temperature, and degree of cold-working. However, the effects of cold- 
drawing at room temperature were obliterated at temperatures above that of recrystalliza- 
tion. 
The effeets of cold-drawing the 30° -Ni-70%-Cu alloy different amounts and of varia- 
tions in grain size of the copper on the tensile properties are evaluated. Results on the 
— tensile properties of the same annealed materials at low temperatures are included for com- 
pleteness 


Short-time tensile tests were made at temperatures ranging from 75° to 1,700° F on 
| 
| 
| 
| 
| 


l. Introduction properties of the nickel, copper, and 70%-Ni-30%- 
Cu and 30%-Ni-70%-Cu alloys. 
During the past several years, an investigation has Tensile tests were made at temperatures ranging 


Of low een in progress in the Metallurgy Division, National | from 70° to 1,500° or 1,700° F on each of the four 
f high- Bureau of Standards, to evaluate the rheological | materials (table 1) in the conditions as annealed and 
spectral behavior at subzero and elevated temperatures of | as cold-drawn 40% reduction in area. In addition, 
24Se8. high-purity nickel, copper, and certain alloys of these | the present program was extended to include tensile 
be ob; two elements. Some of the results obtained in this | tests at various temperatures on the 30%-Ni-70%- 
Mona, study have been presented in previous publications | Cu alloy as cold-drawn 25- and 70-percent reduction 
m © ff} to 7].!. The present paper is concerned with the | in area, and on the copper after annealing to produce 
ot been influence of temperature on the short-time tensile | a relatively large grain size. 





ents ol! 
\CASUFe- ' =e - ; : . ; To a po en 
TaBLe 1. Chemical composition (percentage by weight) of the metals and alloys used as determined by chemical, spectrochemical, 
rate for and vacuum fusion analyses 
Average ¢ 
Meta ( Cu Ni Co Fe Mn s s Zn Or» No Hy» grain di- 
ameter 
rch NBS 
Nerls mm 
~ Rigs Copper * (OF H¢ on 4 0.025 
all, Rev 30°%-Ni-70°)-Cu 0. 023 68. 84 29, 89 0.04 0. 50 0. 65 0. 003 0. 004 0.09 0.001 0.001 0. 0002 040 
( 
fle 70% -Ni-30°,-Cu O17 29.71 70. O8 ol ol 12 2 ool OO15 . 0003 025 
ord, Jr 
Jones, J Nickel Ooy 0. 009 G9. 85 4 03 11 wo2 oo? ool o002 045 
' 
Tidwell * The arc spectrum of the copper was examined for the sensitive lines of Ag, Al, B, Be, Co, Fe, In, Ir, Mg, Mo, Na, Ni, Pb, Sb, Si, Sn, Ti, V, and Zn. The lines 


ppe 
for Ag, Al, Mg, and Si were identified and there was some indication of the presence of Fe, Ni, and Pb 


. ar b Not detected 
lverma Values obtained on specimens prepared from the annealed bars 
. 6, Do ; . “ 
2. Materials and Procedures 2.0-in. reduced section, were machined from one bar 
de . ; of each material as initially annealed and from an- 
‘allomot The chemical compositions of the four materials | other bar as cold-drawn. Each specimen tested at 


~H, W used are given in table 1. All the bars of each ma- | 300° F, or higher, was heated in air in an automati- 
Soc. {4 terial were processed from a single heat and they were | cally controlled electric furnace and held at the re- 
supplied in the form of %- or 's-in. rounds in the ported temperature for approximately 1 hour before 
conditions as annealed or as cold-drawn. The an- | testing. The specimen Was maintained within +3 
nealing treatments produced the average grain sizes | deg F of the reported temperature during testing. 
listed in table 1, and these annealing treatments were | The deformation was determined by following the 


also used just prior to the final cold-drawing opera- change in minimum diameter of the specimen during 
lions, — See testing in tension at room temperature, and by 
lensile specimens, 0.505 in. in diameter and with a | measuring the movement of the head of the hydrau- 





_ 


Figures in brackets indicate the literature references at the end of this paper. | lie-type machine with a Templin stress-strain 
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3.1. True-Stress-True-Strain Relations at Room 
Temperature 


recorder for the specimens tested at elevated tem- 

= peratures. The rate of strain was approximately 1 
reent per minute. ry , 

| [he true-stress-true-strain curves for the an- 


complete 3. Results and Discussion | nealed materials tested at room temperature are 


pe 


ue strain 


— curvilinear (fig. 1A), and their slopes decrease as the 
_ ‘The experimental results of the tension tests made | true strain increases up to the beginning of fracture. 

at various temperatures are summarized in tables 2 The resistance to flow of the copper was considerably 
* sto 5. Some of the data previously obtained on the | less than that of the other materials; the resistance of 
L813 snnealed materials at low temperature [7] are also | the 70%-Ni-30%-Cu alloy was appreciably greater 
208 included in these tables for completeness; these | than that of the nickel or the 30% -Ni-70%-Cu alloy. 
7» gesults were obtained on specimens prepared from | The flow curves for the nickel and the 30%-Ni-70%- 
0% diferent bars than those used in the present tests. | Cu alloy cross at a true strain within the range of 
04 The results obtained at low temperatures were pre- | 0.4 to 0.6. Thus, the difference in curvature of the 
sented graphically and discussed in some detail in | flow curves of these two materials indicate that the 


Dror 
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22% lation to other properties in the previous publica- | rate of strain hardening in the higher range of true 
2.555 tion. | strains is somewhat greater for the nickel than for 
2. 991 


TapLe 4. Results of tensile tests on 309%-Ni-70%-Cu alloy 





1 eat 
1. 70 
1. 71 Drop of beam Maximum load 
1 708 ; True 
1. 878 Yield True strain 
2. 133 rem-  strengtl Maximum drop stress at | Elon- | Reduc- | at com- 
2.375 Initial condition pera 0.2 Stress at Reduc- complete | gation | tion of | plete 
ture otfset first drop Tensil Prue Strain | tionin| True | fracture | in2in./ area frac- 
5, 201 of beam | Stress at | Amount strengtl stress in 2 in area ' strain ture 
10 occur- of drop 
10 renct 
} j lhjin lh/in lh/in Ih/in lh/in ay o/ thiin? % Q 
; Annealed a) 30. OO) 8&3, 700 127, 800 §2. 5 34.5 0. 423 229, 700 61.5 77.5 1. 504 
Do 2) 27, 400 71, 900 105, 800 17 32 386 195, 300 57.5 77.5 1. 491 
Do 108 24. 000 (4, 300 91, 100 41.5 20.5 348 170, 700 MB 77.5 1. 506 
Do » 2» O00 58, 600 81, 600 39.5 28 331 163, 700 49.5 7Y 1. 567 
Do ~ 21, 500 54, 400 74, 100 37 27 309 157, 500 52 80.5 1. 622 
Do 75 21, 500 54, 400 73, 200 36 26. 5 206 54 80.5 1. 625 
Do 300 18, S00 47, 900 63, 900 33.5 25 . 288 47 81.5 1, 604 
Do Ow 16, 600 44.100 5s, 400 32.5 24.5 9 43 77.5 1. 498 
Do Hon 16. 000 38. 400 39, 700 200 43, 300 57, 400 32. 5 24.5 21 43 74.5 1. 362 
rue strait Do TUK 16. 500 17. 300 32, 600 7 43, 100 56, 000 30 23 262 43.5 68.5 1.155 
A —_— te De “10 16. 000 17. 800 39 900 S50 42 700 55, 500 30 23 262 106, 600 44 70.5 | 1.218 
Do si 15. aw) 16, 900 17. 500 375 40, 400 52, 500 30 23 22 70, 700 37 52 0. 729 
Do G00 13. 800 30. 600 30, 600 25 34, 800 14, 50) 28 22 247 56, 900 38.5 53 751 
Do 1. 000 12. 500 28, 000 34, 900 24.5 19.5 219 43, 400 42 a6. 5 833 
Do 1. 100 11, 500 22, 300 26, 400 18. 5 l 169 36, 600 37 53 759 
wiv 
561 Do 1, 2K 9, 200 16, 700 19, 000 14 12.5 131 22, 900 27.5 42 47 
1.671 Do 1. 200 &, 800 16, 900 19, 600 16 14 148 22, 200 23 41 52 
1. 875 Do 1,350 5, 500 10, 800 11, 700 8.0 7.5 077 12, 200 17.5 24 277 
2.150 Do 1, 500 +, 350 7, 130 7, 300 2.0 2 02 7, 600 17 21 . 236 
2 235 Do 1, 700 1, 550 1, 550 1, 550 125 4, 240 4, 300 1.0 1 Ol 4, 100 23 26. 5 307 
2 113 Do 1.700 1. 500 1.700 1. 700 65 3, 830 3, 900 1.5 1.5 O15 3, 500 21 24.5 285 
1. 929 Cold-irawn, 25 ré 
1. 804 duction in area 75 72, 400 74, 500 75, 300 1.0 l oll 161, 300 19 74 1. 343 
1 840 Do 00 45. 000 68, 600 69, 600 1.5 1.5 O15 148, 700 17 74 1.350 
1. 698 Do TOO 55. 500 57. Nw) 56. 000 200 457, 600 AS, 200 1.0 ] Ol 104, 300 13 56.5 829 
Do a0 2 500 43, 600 43, 600 5 43, 600 44, 300 1.5 1.5 O15 54, 900 11.5 32.5 . 395 
re 
a Do 1. 200 + THO F 16, 900 19, 300 14 12.5 131 22, 100 2 41.5 . 534 
1. 098 Do 1, 500 +, 100 7, 200 7, 400 2.0 2 020 7, 200 16 22 246 
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671 Do 300 73, 300 75, 300 76, 100 1.0 l oll 154, 000 15 72.5 1. 286 
US 
, Do 700 61. 700 60, 900 60, 900 50 63, 600 64, 200 1.0 l oll 100, 800 11.5 i) 0. 693 
1. 680 Do OOO) 43, 900 $8, 400 49, 100 1.5 1.5 O15 60, 100 il 32 . 383 
1. 620 Do 1. 200 9. 900 7 17, 300 19, 106 10.5 9.5 ee) 23, 100 25 44 576 
1. 463 Do 1. 500 +, 000 6, 950 7, 100 1.5 1.5 O15 7, 200 18 22 . 248 
Do 1 700 1.700 1, 850 1. 850 nO 3, 800 3, 900 1.5 1.5 O15 4, 100 22.5 27 . 316 
1. 248 
1. 438 Cold-drawn, 70° re 
1. 165 duction in area 75 92, 500 95, 200 96, 300 1.0 l O11 180, 100 16 71 1, 242 
0. 992 Do 300) 80, 800 87, 500 88, 800 1.5 1.5 O15 194, 700 16 | 76 1. 430 
1. 257 Do TOO 71. 100 69, 500 69, 600 5 73, 600 74, 300 1.0 l oll 135, 800 il | 61 0. 940 
Do GO 52. 600 AB, GOO 57, 500 1.0 1 Ol 72, 400 4 | 47.5 . 636 
0. 568 Do 1. 200 9 800 16, 900 19, 800 17 14.5 157 21, 400 29 | 45 504 
» | 
is Do 1. 500 3. 700 6, 990 7, 200 2.5 2.5 025 7, 900 ' 22 | 246 
— Do 1. 709 1. 600 1. 700 1. 700 aD 3, 680 3, 700 0.5 0.5 005 3, 500 22.5 past | (3299 | 





® Values at subzero temperatures obtained from data of Geil and Carwile [7]. b Reduction in area (%)=100| Ao—A)/Ao]=100(L— Lo) Io). 
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TABLE 5. VPesults of tensile tests on OF HC copper 
i 
120 
Maximum loac 
Yield s 
remper strength rue stress | Elon Reduc- True straiy 
Initial condition ature 0.2 rensil Prue Strain Reduc- Prue it complete 0 tion of it complete 
fTset strei stres in 2 in tion In Strait fracture 2 ur fracture 
rea 
Annealed; 0.025-mm av grain I in 4 n . hlin " 
diameter 20 Ss, 100 un SI, 400 7 3H Oo. 4 176, 500 i2 sO 1. 738 . 
Do vA) &. 100 45, 400 65, 700 M) $4 41 170, 200 “7 s4 1 844 r-) 
Do 10s &, O00 BS, TU 4. SOO 17 32 ty 165, O00 Hl sth 1. GOs 
Do 2? 7, 600 35, 100 49, 400 Ww) 20 $4 142, 300 Hl SO 1 973 e* 
Deo 75 12, 200 SL. nM 4.000 su el 33 139. O00 51 SN 2114 
Do 110 7. 200 30. 7m 14.04) i w) 36 144, 700 2 so 2. 22) 
Do >) 6, 700 7. OM 38. G00 44 +) 37 128, 600) Hs Su 2. 294 
Deo +00) 7, 000 25, SK 36, 800 $2 $0) $5 110, 900 62 87 > ne 
Do Hn) 6, 000 22. O50 31, 700 4S 7 32 55. GOO 4 70 ] 189 
Do 0) 1 70) x) n 2s, 300 36 27 31 $2. 000 “) oo 0.917 
Do 600 3, 800 17, 34 22, MK) 29 23 2h 26, 300 Hi) 43 v4 
Do 700 1 200 15. 0%) 14. O00 2 v1) 23 20, 300 34 37 158 
Do 700 4, 000 14, 400 18, 200 an 2 23 19, O50 33 32 2 
ly sin) 3, 750 11, 850 14. *w) 2? Is a 15, 000 24 30 357 
Ly YOO $, OOO ¥, SOO 11, HO 17 14.5 16 11, 900 31 43 61 
D 1. 000 700 7.050 7.950 13 ll 12 9, 150 36 51 700 
ay 1, 100 SO 5, 250) 5. S800 11 10 10 5. 700 au 19 6&9 ‘ 
ay 1, 200 600 3, 850 $150 7 7 07 4.150 Is 7 315 Fiat 
D 1, 200 750 4, 000 1, 300 s 7 07 N 
1h 1, 500 Ow 2, 025 2, 200) 4 & 2 OSS 1, 900 24 14 21 Tl 
he 
Annealed, 0.120-mm av grain 
diameter 7 6, 000 32, 3K $3, YOU 3h 27 31 142. 600 62 S5 1% 
Do +00) 4, 750 26, 350 38, 000 44 +0) 37 82, 700 62 74 1. 58] 
Do TOO 2.500 14, 300 17. 300 21 17 16 16, 800 25 22 0). 247 
Do GO) 1, 100 &, 400 0, 6K 14 12 13 &, 400 17 f 17 
Do 200 SOO +, 430 4, 000 Ww. 5 9 10 4, 200) 20 A) 208 
Do uM Hoo 1, 771 an ri 6 o7 1, 450 10 2 128 
Cold-«irawn 40 reduction in 
irea 0.025-mm iN grain 
diameter before cold-drawing 7 4), 300 1, 100 51, 500 1.0 10 Ol 137, 500 11 st 1. 608 
Do 110 $8, 000) 0, 400 Mw), 700 0.5 0.5 O05 144, 000 16 x2 1. 622 
Deo 200) 4, 80) 16, AK 6, 700 005 115. 800 13 7u 1. 557 » 
Do 300 12, 400 14, 450 14, 700 00 00, 500) 14 71 1. 230 
1d Ww) 28, 900 +4, 000 +4, 300 1.0 1.0 al 36, 800 s 2s 0. 331 
ID 600 6, 500 19, 100 23. 400 22 Is a” $3, 100 35 2 728 
> TOO + 000 15. 400 2. O00 w) 23 * 24. 700 30 j 604 
D> SOO) 3. 000 12. 4) 15. 800 m” 21 24 17. 800 +t) 1 627 
> GOO 1, OM + 700 11, 800 22 Is 2) 13, S00 3u mw ST 
Do 1. 200 7 4075 1 4% ) s na + 800 0) 42 51 
Deo 0 in) 2? 040 2 WH) ; s OS 10m 14. 5 14 Hw 
* Values at subzero temperatures obtained from data of Ge nd le [7 Reduc in are =100/A A) A I 


(fig. 1, B) were more nearly linear for the copper, 
nickel, and 70%-Ni-30%-Cu alloy than for the 30%- 
Ni-70%-Cu alloy. However, the slope of the three 
former curves depended somewhat on the chemical 
composition of the materials; the slopes of the curves 
for the nickel and the 70%-Ni-30%-Cu alloy were 
nearly alike, and these slopes were somewhat greater 
than that of the curve for the cold-drawn copper 


the alloy. This relation is also shown by a compari- 
son of the relative positions of the flow curves of the 
initially cold-drawn materials (fig. 1B); the curve 
for the nickel lies above that for the alloy. 

The true-stress—true-strain curves obtained on the 
specimens prepared from the cold-drawn materials 





Feng, pee gengegengeeny 
, As is illustrated by the relative positions of the flow 
a ~~ curves, the resistance of the initially cold-drawn 
anil $ 7 Jf | materials to further plastic flow in tension also 

, lig ye a varied with their copper and nickel content. 
"eae R < The effect of varving amounts of cold-drawing on 


“ the flow characteristics at room temperature of the 
30%-Ni-70%-Cu alloy is shown by a comparison 
of the true-stress—true-strain curves of figure 2A 
The resistance to flow in tension increased continu- 
ously with the amount of cold-drawing; this increase 
in resistance was accompanied by a decrease ID 
amount of plasticity. The flow curves for all the 
cold-drawn specimens were curvilinear, with dis- 
continuities exhibited in the region of maximum 
load. The relation between true stress and_ total 
true strain (due to cold-drawing tension) is 
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FIGURE 


e 


2. Relation of true stress to true strain of the 30%- 
Ni-70%-Cu alloy tested in tension at room temperature. 


The alloy was initially annealed or cold-drawn different amounts as shown 


shown in figure 2B (insert). The curves for specimens 
as annealed or cold-drawn 25 percent coincide within 
the true-strain range of about 0.3 to 1.3. However, 
further cold-drawing either 40- or 70-percent reduc- 
tion in area caused a lowering of these curves in the 
regions of true strains extending from the beginning 
of plastic deformation to fracture in tension. Thus, 
the positions of the true-stress—true-strain curves 
were affected by variations in the amount of cold- 
drawing and straining in tension. 


3.2. Stress-Strain Relations at Elevated Temperatures 


Selected autographic stress-strain curves that 
were obtained on some specimens of the annealed 
and cold-drawn 30%-Ni-70%-Cu alloy are repro- 
duced in figure 3 as illustrative of the different 
types of flow observed in the tension tests at elevated 
temperatures. Discontinuous flow occurred in the 
initially annealed specimens of this alloy when ex- 
tended in tension at 600°, 700°, or 800° F, as evi- 
denced by serrations in the curve for the specimen 
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tested in tension at different temperatures. 


rhe alloy was initially annealed or cold-drawn different amounts as shown. 
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at 700° F; the stress-strain curves are not shown for | the atoms is increased, and this tends to reduce trai 
the specimens tested at 600° and 800° F. These | the effects of the strain and local stress in the solvent ! offse 
serrations were more permanent in the curve for the | lattice induced by the solute atom. pee 
specimen tested at 700° F than at either 600° or As i 
800° F. However, cold-drawing this alloy 25 percent 4.1. Strength stres 
or more before testing in this temperature range Pay ma ines 
reduced or entirely eliminated these serrations in The influence of nickel content and test tempera- - 
the stress-strain curves. Similar serrations were | ture on the yield and tensile strengths of specimens see > 
observed in the curves for initially annealed speci- | of the copper-nickel system is show n by a comparison ye 
mens of the 70%-Ni-30%-Cu alloy extended in of the results summarized in figures 4 and 5 (mate- ye 
tension at temperatures ranging from 300° to 900° F, rials initially as annealed and as cold-drawn 40 per- TI 
but they were not observed in the stress-strain | cent, respectively). lhe resistance to deformation the 
curves for annealed specimens of the nickel or copper | by slip or movement of dislocations in the component aton 
tested at temperatures below the start of recrystal- | metals is materially increased in each by the presence ate 
lization of these metals. The serrations that oc- | of the solute atoms. This is evident even for small 300° 
curred in the stress-strain curves of specimens tested | that 
below the recrystallization temperature are believed | of ee 4 This 
to be associated with strain-aging and other atomic , oniny 
rearrangements. Cottrell [8] indicated the possible BIS PSR Tae Teme ) 
existence of such curves and presented experimentally a - larit 
an example of such a phenomenon in aluminum. ~ he ” ON (fig. 
Additional experimental evidence on the influence LIAN $7." as he 
of rate of loading on the creep and aging character- . ye’ gf m aia ° allov 
istics of high-purity nickel and the effect of tem- | * i Za \\ eS + vaca 
perature on the aging characteristics of commercial ee ae. ' . these 
and high-purity 70%-Ni-30%-Cu alloy has been | § i fa ; \ f . : The 
presented by the present authors [5,6]. The breaks wi . a 7 28 segre 
observed in some of the present stress-strain curves Wf, ye . 4 ” al unde 
obtained on specimens at relatively high tem- LA aon F F "go - ’ Hen 
eratures (1,200° to 1,700 ° F) are interpreted as ds oa ~ 2 none eo , prese 
wine associated with recrystallization and grain lL - § — ‘ strai 
growth in the specimens. ie JOE incre 
At temperatures below 1,200° F, the slope, | | mn oe . , ce onthe tutte 
height, width, and peaks in the vicinity of the ee fe ae » Bacon Of initially coud eae in st 
maximum load of the stress-strain curves depended the copper-nickel system. : rh 
upon the nickel or copper content, test temperature, evide 
and initial structural condition (annealed or cold- ment. ateuee vencent 
drawn) of the material. rs 
E RENG i] 4 
4. Influence of Solute Atoms and Tempera- 
ture on the Tensile Properties of Nickel] ; 
and Copper WAN 
Y Fy Ys 
A systematic analysis of the principles of solution _ 5 NY ~ $6 
hardening was presented recently by Parker and 5 “ \ 
Hazlett [9]. They considered the mechanism of | . SA / 
solution hardening in relation to the theories pro- | < Li 4 / ’ e' 
posed by Cottrell [10], Suzuki [11], and Fisher [12]. 6000¢ Py 
Their interpretations were applied primarily to | { / J ’ F 
alloys of relatively low concentration of solute and | > | / 
analyzed for strength properties at small strain: ait . 
the effect of solute content on ductility of the alloys | 
was not considered in detail. 
Geil and Carwile [7] pointed out that at relatively | 
low temperatures, the difference in atomic diameters : / 
between copper and nickel is sufficient to produce F y 
strain and accompanying local residual stresses in iy x 





the solvent lattice, and thereby exert a pronounced | ob . ‘ ne ee "* 
effect on the initial strength, solution hardening, | 
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strains associated with the yield strength (0.2% 
offset). The strengthening effect is temperature 


sensitive and is affected by prior cold-working. 
As is shown by a comparison of the slopes of the 
stress-nickel-content curves, the increase in the 
strength properties was nonlinear as the nickel 
content was increased from 0 to 70 percent by 
weight. The latter alloy, however, was materially 
stronger at any temperature than its counterpart 
containing 30 percent of nickel. 

The strengthening effect (absolute values) from 
the presence of a given concentration of solute 
atoms, in both the initially annealed and cold-drawn 
materials, attained a maximum at the range of about 
90° to 700° F (tables 2, 3, and 4), and it is obvious 
that cold-drawing enhanced the strength properties. 
This is also the temperature range where strain- 
aging exerts a pronounced effect on the strength 
and ductility of the metals and alloys, and irregu- 
larities were observed in the stress-strain curves 
(fig. 3) of initially annealed specimens of the alloys. 

According to Cottrell [13], aging in substitutional 
alloys is accelerated during plastic flow. Moreover, 
vacancies are created during the plastie flow, and 
these increase the rate of substitutional diffusion. 
The migrating atoms are believed, by Cottrell, to 
segregate to dislocations and prevent the latter from 
undergoing the movement that causes recovery. 
Hence, it would be expected that cold-drawing the 
present materials prior to extending in tension in the 
strain-aging temperature range would result in an 
increase in the number of vacancies, and would thus 
entrap the dislocations and thereby cause an increase 
in strength properties. 

The strengthening effect of the solute atoms is also 
evident at the higher temperatures. At about 1,200° 
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Ficure 6 Effect of nickel content and test te mperature on var- 
lous strength indices of initially annealed specimens of the 
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F, recrystallization of the initially cold-drawn ma- 
terials occurred and the effects of the cold-working 
were diminished or removed. It is to be expected 
that the diffusion rate of the atoms was i in- 
creased significantly at these temperatures. The 
internal strains from misfit of the solute atoms in 
the solvent lattices and absolute values for the 
strength properties of the alloys were not high. 
However, as shown by the slope of the stress-versus- 
nickel-content curves, the percentage increase in the 
strength characteristics from the presence of the 
solute atoms is still appreciable. 

The relations between nickel content of the ma- 
terials and the true stress, both at maximum load 
and at fracture, are shown in figures 6 and 7, respec- 
tively. In general, these data conform to the de- 
scribed patterns of figures 4 and 5 except for the 
inconsistent behavior of the nickel at complete frac- 
ture. The relatively narrow spread in values of the 
true stress at fracture for the initially annealed 
nickel (fig. 6) or cold-drawn nickel (fig. 7), with 
temperatures ranging from 75° or 700° to 1,000° F, 
may be partly attributed to the necking character- 
isties and ductility of the nickel specimens. 
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Figure 7. Effect of nickel content and test temperature on var- 
ious strength indices of specimens of the copper-nickel system, 
initially cold-drawn 40-percent reduction in area. 


4.2. Ductility 


The influence of nickel content on the ductility at 
different temperatures of the materials as annealed 
or as cold-drawn 40 percent is shown in figures 8 and 
9, respectively. 

The ductility of the component metals is affected 
significantly by variations in the percentage of the 
solute atoms and temperature and by prior cold- 
working. The presence of 30 percent of nickel in 
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4 / i 
ns of the coppe 


S sate m 


the copper of the initially annealed materials de- 

the strain at maximum load in the range 
75 500° F, and also at 1,500° F (fie. 8) At 
temperatures of 700 1,200° F, the presence of 
the solute atoms resulted in an appreciable increase 
in the strain. Similarly, the presence of 30 percent 
of copper in the nickel the strain at 
maximum load at temperatures of 75°, 900°, 1,000 
1,200°, and 1,500° F, was without significant effect 
at 300° or 500° F, and increased the strain markedly 
at 700° F. In general, the strain at maximum load 
of the 70%-Ni-30%-Cu allov at any temperature 
was greater than that of the 30%-Ni-70%-Cu alloy; 
the latter alloy had the higher value for strain at 
1,200° F. 

Reversals are evident in some of the curves 
showing the relationship between the nickel content 
and elongation or reduction of area. However, the 
slopes of these lines were altered by the nonuniform 
deformation (necking) that occurred after the 
attainment of maximum-load conditions. This was 
especially prominent in the pure nickel specimens, as 
is revealed by the relatively narrow spr vad and high 
values for reduction of area. 

This pattern of behavior for the annealed material 
was markedly changed by cold-drawing (fig. 9 
The introduction of solute atoms either in the copper 
or in the nickel lattice did not materially affect 
the strain at maximum load at temperatures below 
that of recrystallization of the component metals 
and the alloys. All the initially cold-worked ma- 
terials had low values for strain at maximum load 


creased 
to 
to 


decreased 











NICKEL, ATOMIC PERCENT 








a + > 
z 
- . 
¢ z 
3 = 
> 
2 fF 4 
> D 
i | > 
3 g 3 
a ! \ wv] 
, a 
z 
a bd . a A 
, yA © @ 
? 4 | \ - 
‘ | = =. * 
: «© os-- + — 
> ‘ e : 7 
; \ ay es  * 
306 3 Se 
L " a 
45 f D4 
z4 as 
« . 
os ae 
a + 
a ’ FA z 
“ =f S 
; 72, . 
> / 7 a 
P/é 
2 } a 
a ; z 
> , < 
ad y . 
= r t ro) 
- *. 
w v > bd 5 
a (54 ¢ 
z 4 .- . “ 3 
/ z 
Z- ‘ 9 * ? he 
" 
™ | 6 
. 
. “5 ay © 
,hVWA JL | 
« « hae « a 
NICKEL, PERCENT BY WEIGHT 
Frat RE “ Effect of nickel content and test te mh pe rature on the 


/ 


ductility oft r-nicke system, 


( old-di aun 


of the CO ppt initially 


reent reduction in area. 


Spectine is 


,O- pe 


this range. However, 
F a peak value of strain 


at all temperatures below 
at temperatures above 500 
existed in each material, and its magnitude was 
decreased by the of the solute atoms. 
This value in each material was attained at a tem- 
perature near or above that of reerystallization and 
is believed to be associated with the release of the 
maximum amount of internal energy. The rela- 
tionship between the nickel content of the materials 
and elongation or reduction of area also varied ap- 
preciably with test temperatures. High values for 
reduction of area were obtained in all the materials 

75 300° F; the reerystallization temperature 


presence 


at «oo or 
in each material was above 75° F. 

The spread in values for elongation attained a 
maximum in the pure nickel and was decreased by 
the solute atoms of copper. However, the spread 
in values for reduction of area was a maximum for 
the pure copper; this spread was decreased slightly 
by solute atoms of nickel. 


5. Effects of Cold-Drawing and Temperature 
on the Tensile Properties of the 30%-Ni- 
70%-Cu Alloy 


5.1. Strength 


The influence of cold-drawing different amounts 
on the strength indices of the 30%-Ni-70%-Cu alloy 
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+ various temperatures is shown by a comparison 
of the results summarized in figures 10 and 11. At 
agch temperature within the range 75° to 900° F 
fi. 10), the vield and tensile strengths increased 
inonlinearly the amount of cold-drawing was 
increased. Within the range 1,200° to 1,700° F, 
the cold-worked alloy recrystallized in the short- 
‘ime tensile tests and no significant effect of the 
nitial cold-drawing operations was observed on the 
vield and tensile strengths. The values for true 
stress at fracture (fig. 11) were not materially altered 
by cold-draw ing 25- or 40-percent reduction in area, 
but the values at 900° F or below were increased by 
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: al tracture 


| cold-drawing 70-percent reduction in area; there was 
a slight increase in the fracture values at room tem- 
perature with an increase in the amount of cold- 
drawing, and the effect of cold-drawing 70 percent 


| wen removed at test temperatures of 1,200° to 
| 1,700° F. 

| 5.2. Ductility 

| The values for reduction in area at maximum 


at maximum load and elongation of 
70%-Cu alloy were decreased markedly 
at temperatures ranging from 75° to 900° F by cold- 
drawing 25-percent reduction in area, but these 
latter values were not changed appreciably by further 
cold-drawing (fig. 12, A, C, and D). The effects of 
cold-working on ductility of the alloy were practi- 
cally eliminated at 1,200°, 1,500° or 1,700° F; the 
values obtained at maximum load at 1,200° F, 
although nearly equivalent in specimens of the 
initially annealed and cold-drawn alloy, were con- 
siderably higher than those obtained at 1,500° or 
1,700° F. 

The reduction of area was decreased slightly at 
75° and 300° F by cold-drawing (fig. 12, B). The 
reduction of area was also decreased at 700° and 900° 
F by cold-drawing 25 percent or 40 percent, but with 
further cold-drawing the change was not so marked. 

Thus, cold-drawing increased the strength of this 
alloy at temperatures below that of recrystallization, 
but this increase was accompanied by a decrease in 
ductility. At temperatures above that of recrys- 
tallization, the effect of cold-drawing on the strength 
and ductility was eliminated. 
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Figure 12. Effect of cold-drawing and test temperature on the 


ductility of the 30°,—Ni-70°7-Cu alloy. 
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900° F: the grain-size effect was nil at te m peratures The e 
above 1,000° F. In general, the ductility agapprecl® 
measured by elongation and reduction of area wascold-dra 
The influence of grain size on the tensile properties decreased by increasing the grain size (fig. 14) ductility 
at temperatures ranging from 75° to 1,500° F of the Both the fine- and the coarse-grained copper showegpolute f 
initially annealed high-purity copper is shown in = in the curves oe the relationgsttene 
ficures 13 and 14. A change in the average grain | between reduction of area or elongation and tem-st temP 
diame ter by a factor of about 5 (0.025 to 0.120 mm perature. Phe general trend for these values to Inere; 
had no significant effect on the tensile strength and decrease with an imerease in temperature wagideereas 
true stress at complete fracture (fig. 15), but this | interrupted in the ranges of about 70° to 300° F angthat of 
increase in grain size resulted in an appreciable | 800° to 1,000° F; the inerease in ductility withand the 


decrease in the vield strength at temperatures below increase in temperature is especially prominent jngbove | 
the latter temperature range. 


6. Effects of Grain Size and Temperature 
on the Tensile Properties of Copper 


6c A summation of these results shows that the 
“ ane ° strength and ductility of the annealed copper in Ww 
-y fyb — ioe tension is more depe ‘ndent upon temperature than ce 
‘ on the initial grain size. 2) 
: ct 
i 
. a | 
7. Summary - 
Oo] 
“ The results of tests made in tension on metals of R 
4 the nickel- -copper system showed that the tensile }4 W. 
\ \ properties were strongly dependent upon the per- . 
centage of solute atoms in the component lattices. R 
‘ temperature of test, and amount of cold-working 
» Although the stre nethe ning effect due to the pre sence 
4 of the solute atoms attained a maximum in the 
temperature range where strain-aging occurred (300 
N to 700 I). the effect was also evident at all tem- 
\ peratures investigated. ' 
\ . The increase in vield and tensile strengths per 
. Bo percent of nickel was greater in the range 0- to 30- 
- ae percent nickel than in the range 30 to 70 percent, 
curenatune, “F The 70-percent-nickel alloy was appreciably stronger, 
Figure 13. Effect of grain size and test temperature on the | & the same temperature, than the 30-percent- 
strength of copy. nickel alloy 
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The effects of the solute atoms on ductility varied 
ty asappreciably with the temperature, the amount of 
a wagcold-draw ing, and the index used to measure the 
14) ductility. However, at a given concentration of 
howeqpolute atoms, the effects of cold draw ing on both the 
ationsstrength and ductility were diminished or removed 
tem.at temperatures above that of recrystallization. 
les to Increasing the grain size of the high-purity copper 
. Wasilecreased the vield strength at temperatures below 
F andthat of recrvstallizat ion, and decreased the elongation 
withand the reduction of area at certain temperatures 
nt inabove that of recrystallization. 
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Accuracy of the Cutler-Hammer Recording Gas Calo- 
rimeter When Used With Gases of High Heating Value 


John H. Eiseman and Elwin A. Potter ' 
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1. Introduction 


The tremendous increase in the distribution and 
yse of natural gas during the past few years and the 
hange from a cubic foot to the therm, or heating 
value, basis for the marketing of much of this fuel 
have caused many gas utility companies concern 
regarding the accuracy of the methods used for 
determining heating value. 

At present, there are two general methods for de- 
termining the heating value of fuel gases. The first, 
and older, is by means of the manually operated 
water-flow calorimeter. ‘This type of calorimeter was 
nvestigated in considerable detail at the Bureau by 
Waidner and Mueller [1]? some 40 vears ago, and 
their publication is still a valuable reference work. 
{ method of test for calorific value of gaseous fuels 
by the water-flow calorimeter has been adopted by 
the American Society for Testing Materials [2], and 
by this method an accuracy within plus or minus 0.5 
percent Can be obtained on gases of constant heating 
value. However, natural gas as delivered con- 
sumers does not usually maintain a constant heating 
value and may vary over a wide range from day to 
dav or even from hour to hour. 

With a water-flow calorimeter, a trained operator 
requires approximately 30 min for a determination 
of heating value. Operation at this rate around the 
clock would reflect approximately 2. min of sampling 
time every 30 min and would leave the heating value 
wiknown for about 94 percent of the time. Conse- 
quently, a calorimeter giving an automatic continu- 
ous record is finding more and more favor. At the 
present time, the only instrument of this kind on the 
market in this country is the Cutler-Hammer record- 
ing gas calorimeter, formerly known as the Thomas 


to 


recording gas calorimeter. 

The Cutler-Hammer calorimeter has received wide 
acceptance in the gas industry. However, in the 
past of its has been with manufactured 
gases of low heating value. A number of studies of 
he BeCCUraAcy of this instrument on gases ranging 
from 500 to 700 Btu/eu ft have been made, among 
which is one by R.S. the Bureau. 


Me ‘ Engineer, G Inspection Bureau of the 1) ct of Columbia 
Figur nt ket licate the literature references at the end of this 


most use 


Jessup [3] of 


paper 


vy of the Cutler-Hainmer recording gas calorimeter, when used with gases Ol 
The study includes the preparation of a standard gas of 
a comparison of hydrogen and methane as calibrating gases, the effect 
nt of changes in room and tank-water temperature, the instrument’s 
he effects of bleeder burner height, and the effects of dif- 

It is concluded that an accuracy of 0.25 percent, or even better, 
Cutler-Hammer calorimeter if certain precautions are carefully 


These studies have indicated that an accuracy well 
within 1 percent can be obtained, provided the calo- 
rimeter is given the necessary care, and provided 
also that the heating value of the gas does not vary 
too rapidly. Today the majority of the fuel gases 
used in the United States are of natural origin 
(predominantly methane) and have heating values 
that are higher and more varied than those used in 
the previous studies. 

Because of the importance of this fundamental 
measurement to the gas-using public and to the gas 
industry, the Chemical Committee and the Promo- 
tion, Advertising, and Research Committee of the 
American Gas Association requested the National 
Bureau of Standards to undertake a study of the 
accuracy of the Cutler-Hammer recording gas 
calorimeter for testing gases of high heating value. 

The Cutler-Hammer instrument has been designed 
to measure the total heating value of the usual 
commercial fuel gases. It is adapted to the use of a 
particular gas by making simple changes in the re- 
corder seale and in the tank unit’s gear. train, 
orifice sizes, ete. The principle upon which the 
instrument operates is as follows: Gas is burned at 
a constant rate, and the heat developed is absorbed 
by a stream of air. The rates of flow of the gas, 
air for combustion, and air for the absorbing of 
heat are regulated by metering devices similar in 
design to the ordinary wet-gas meter. These 
metering devices are geared together and driven by 
an electric motor, so that the ratios of the rates of 
flow of gas, combustion air, and heat-absorbing air 
are constant. The gas meter is subject to inde- 
pendent change with respect to the tank water level 
in order to compensate for the wear of meter bearings 
and the accumulation of deposits inside the meters. 
The products of combustion are kept separate from 
the heat-absorbing air and are cooled very nearly to 
the initial temperature of the air. The water formed 
in the combustion is condensed to the liquid state. 
The rise in temperature of the heat-absorbing air 
is therefore proportional to the total heating value 
of the gas. This rise in temperature is measured by 


means of resistance thermometers of nickel and 
recorded graphically. 
The meters are mounted in a tank of water, 
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adjacent to astorage compartment of smaller capacity 
containing a reserve supply of water. A’ cam- 
operated water pump takes water from the water- 
storage compartment and delivers it into the main 
tank, where the excess flows over a weir and returns 
to the reserve compartment. Thus the water level 
in the main tank is automatically kept constant, 

A schematic diagram of the calorimeter is shown in | 
figure 1, which was taken from the book of istruc- 






















attached to the outside of the burner chamber t heat-® 
promote heat transfer. The heat liberated li thy therm 
combustion is nearly all absorbed by the heat.same 
absorbing air, so that the products of combustion are assem 
cooled very nearly to the initial temperature of tha betwe 
air. The water formed in the combustion is cop. baffle 
densed to the liquid state and drops into the Con. Crease 
densate pan. To reduce heat loss the burner as. absor! 
sembly is surrounded bv i double-walled, nickel. if the 
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FiGuRE 1 Flow diaqram of the Cutler-Hamme ecording gas calorimeter. 
shown 
Hammer calorimeter [4]. Gas flows from the gas used t 
supply line through a pressure regulator and a adjust 
pressure reducing orifice to the inlet chamber of the are th 
gas meter from which a part of it, approximately 85 7 fier ff 
percent, escapes through a bleeder burner and the a” 4 of ba 
remaining 15 percent is taken up by the gas meter. - “hy needle 
The design of this part of the calorimeter is such that io mecha 
the resistance to flow of gas from the inlet chamber of | i resist 
the gas meter to the bleeder burner is small, so that i ance. 
the pressure in the chamber will be nearly the same as = { direct 
that of the atmosphere. Practically, the differential R JER z TH betwe 
does increase somewhat as the inlet pressure of gas to ) aR tT He means 
the calorimeter is increased, After leaving the eas AF tent IS 2reve 
meter the gas is mixed with air from the combustion- ‘y Hr . awecoul 
air meter, and this mixture then flows to the calo- Wis Son 
rimeter burner. Figure 2 is a schematic diagram of Mt ealorit 
the burner unit. chang 
The air from the combustion-air meter is caused by siden sien 1 4 - ms the ki 
appropriate orifices to divide into three streams, two , ; : : ' the di 
of primary air (A and B, fig. 1), which enter the gas ippen 
stream at two points between the gas meter and ourne! 
burner, and a third, which flows up around the aN ae of the 
burner tube and constitutes supply of secondary A et za B), il 
air for combustion. The burner is located in a + and re 
chamber that is closed at the top and open at the y ‘I Fe lhe 
bottom, so that the products of combustion rising od result 
from the burner are deflected and caused to flow Al — 
downward, The heat-absorbing air flows upward \ MARY An ex 
around the burner chamber past a system of fins Figure 2. Schematic diagram of burne init and jacket. heey 
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ber t,heat-absorbing air flows after passing the outlet 
i th, thermometer (the inlet thermometer being in the 
heat.same stream of air before it reaches the burner 
On are assembly Che distance of the flow of this air 
of thabetween the walls of the jacket is regulated by a 
baffle (fig. 2) that can be adjusted to effect an in- 
e con. crease or decrease in the temperature rise of the heat- 
er gs. absorbing aur and thus accomplish the desired reading 
nicke}. of the instrument to coincide with the heating value 
l the it Btu per cubie foot of the vas used for calibration, 
The temperature rise of the heat-absorbing wir ois 
measured by nickel thermometers 
nected in adjacent arms of a Wheatstone bridge, 
which, with a specially calibrated slide-wire resistance 

Ss, is the measuring circuit of a Leeds & Northrup 
ecorder. A diagram of this circuit is shown in 

The equal ratio arms of the bridge are 


S con 


resistance con- 
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shown at A and B. The adjustable resistance, S;, is 
sed to balance the bridge during the “cold-balance”’ 
adjustment of the recorder when the thermometers 
are theoretically at the same temperature. <A recti- 
fer furnishes current for the system, Any lack 
of balance in the bridge causes a galvanometer 
needle to deflect, and this actuates the recording 
mechanism, which moves a contact along slide-wire 
resistance S so as to bring the bridge back into bal- 
ance. The position of this sliding contact is a 
direct’ indication the temperature difference 
between the two thermometers and is recorded by 
means of a pen on a motor-driven paper roll, which 
is graduated in Btu per cubic foot, and which also 
accounts for time. 

Some of the factors that affect the accuracy of the 
calorimeter to a greater lesser degree include 
changes in the temperature of the water in the tank, 
the kind and nature of the gas used for calibration, 
the degree of saturation of the gas sample (see 
ippendix A the inlet pressure, the bleeder 
burner height, the degree of permanence of the level 
of the water surrounding the meters (see appendix 
B), and the amount of free play in meter bearings 
and recorder parts, ee 

The data obtained in this paper show that errors 


of 


vas 


rsulting from such effects may be considerably 
urger than might be expected from the precision 

An explanation of the identifying letters or numerals shown on figure 3, but 
t ref { to in this paper, will be found in the Cutler-Hammer Instruction 


acket, “anual [4 


attained in calibration of the calorimeter. A knowl- 
edee of the effect of such factors is essential to keeping 
the over-all error of measurement to a minimum, _ 

In planning this work the theory behind the design 
of the calorimeter was carefully examined, but as 
an analysis of the theory had been published in a 
previous Bureau paper it was felt that only brief 
reference to such theory was required in this study. 
It was decided that the investigation should be 
concerned mostly with the functional accuracy of 
the instrument when operating under normal or 
field conditions. In order to save time, some of the 
field conditions were artificially created. 

The authors conducted all of the tests made during 
this study under carefully controlled conditions of 
temperature. Most of the tests were made at the 
National Bureau of Standards, but some were re- 
peated in the temperature controlled laboratory of 
the District of Columbia Gas Inspection Bureau, 
and some in the testing room at the Cutler-Hammer 
factory. 

At the Bureau, the area containing the calori- 
meter and all accessory equipment was suitably 
enclosed and thermostatically controlled air-condi- 
tioning equipment was installed, by means of which 
anv room temperature between 50° and 100° F could 
maintained within + 1 deg F. The relative 
humidity in the enclosure was controlled by means 
of a humidistat. Figures 4 and 5 show two views of 
this air-conditioned enclosure. 

Devices were also installed to permit the mainte- 
nance of any desired temperature of the water in the 
calorimeter independently of room temperature. In 
the tank unit, temperatures above that of the room 
were maintained by conduction of heat from the 
auxiliary tank as its water was heated by submerged 
copper coils through which hot water was circulated 
from a thermostatically controlled source adjacent 
to the tank unit. Temperatures below that of the 
room were maintained by conduction of heat from 
the main tank to the auxiliary tank as its water was 
cooled by circulating cold water through the same 
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Air-conditioned calorimeter room. 


FIGURE 4. 
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Air-conditioned calorimeter 


Ficure 5. 


submerged coils. Such changes in water temper- 
ature were effected slowly, in order that they might 
be accomplished uniformly. As a result, simul- 
taneous temperature measurements at different 
locations in the tank unit showed no differences. 

Measurements of existing temperatures were de- 
termined at appropriate locations by means of 
copper-constantan thermocouples, accompanied in 
some instances by accurate mercurial thermometers 
graduated in tenths of degrees. The room temper- 
ature was determined at a point adjacent to the tank 
unit and 53 in. above the floor by a thermocouple and 
by a thermometer. Temperatures relating to the 
tank unit were determined at five points by thermo- 
couples: (1) the inlet thermometer, (2) the outlet 
thermometer, (3) the water in the main tank (which 
water was constantly but gently stirred by an electri- 
cally driven device, in addition to the mixing engen- 
dered by the movement of the several meters), (4) 
the air under the tank cover, adjacent to the heat- 
absorbing air meter, and (5) the products of com- 
bustion as they left the burner assembly. The cold 
junctions of all thermocouples were kept in an ice 
bath. 

The procedure used in conducting tests was, first, 
to establish a desired equilibrium room and water 
temperature. Next, the condition of the calorimeter 
and the recorder was checked to make certain that 
all parts were in proper mechanical adjustment. 
Special care was exercised to insure such things as 
constant inlet pressure, uncontaminated room 
air, cleanliness of orifices and burner parts and slide 
wires, proper burner assembly and freedom from 
leaks, proper overflow of water at the weir, proper 
air-gas ratio, agreement of recorder scale and chart, 
correct mechanical balance, cold balance, ete. [4]. 

Temperature readings at all listed points were 
recorded at the beginning and end of each testing 
operation, with frequent observations in between, 
in order to evaluate the recorder reading in terms of 
the possible temperature factors affecting it. For 
example, a series of readings was taken just before 
the actual calibration procedures were begun, to 
insure that equilibrium temperature prevailed, the 


vas 





temperatures were then watched during the warmup In ¢ 
period of the calorimeter until the maximum changé th | 
in recorded heating value of that particular test Was orbot 
reached. At the conclusion of the test all tempera. josira 
ture readings were again recorded, on 

Because of the over-all purpose of this study. ishing 
was agreed that it would be essential to use for calis: terf 
bration and testing purposes a gas with a heating’ It i 
value in the range of the usual natural gases, andadsor! 
that the heating value of such a gas should be known hydro 
to a degree of accuracy at least one order of Magni- adsory 
tude greater than that expected from the calorimeter The a 
itself. The advantages of such a gas would be ower 
(a) its chemical and physical properties approximate foure 
those of the natural gases usually tested by thdFour | 
calorimeter; (b) its use would not modify the Hormabyith 
operation of the instrument, 1. e., it could be INtro- valves 
duced into the calorimeter without the need of chang- 1) or 
ing its gears and varving the speed of rotation of the for cO 
eas meter.’ without disturbing’ the level of the Water pontai 
at the weir, with the least chance of introducing ay be rai 
error due to contamination of the calibrating gagof an 
with constituents of fuel gas dissolved in the Walebyecter 
in the eas meter, and without changing the bleeder ontire 
burner or influencing temperatures under the tank 
cover: (c) it would serve as a check on the suitability 
of hydrogen as a calibrating gas, because hydrogen 
not have the advantages listed under (a) 
(b). 






does 
and 


2. Preparation of a Standard Gas of High| 
Heating Value 


Because methane is the chief constituent of natural 
gas, a pure methane would be an ideal gas for use as 
a standard. A supply of natural gas consisting of 
nearly pure methane, and containing much smaller 
amounts of other constituents than the usual rug 
of natural gas, was obtained from the Southerm 
California Gas Co. It was hoped that an analysis 
of this gas by means of the mass spectrometer would 
make possible the calculation of the heating value 
with the desired accuracy. Unfortunately, becausi 
the several constituents present produced overlap: 
ping spectra which introduced too much uncertainty the p 
for an accurate calculation, it was found necessarydivide 
to purify this gas further even though all of the eyline 
impurities totaled less than % of 1 percent. The the p 
analysis of the California gas as received was as the pr 
follows: repres 

Percen the le 


Methane (CH, 99. 67 other 
Ethane (C,H, 0. 15 mesh} 
Nitrogen (N . f 

Propane (C,H, _ 97 of sul 
Propylene (CH (2 tents 

‘ . ’ 9 : 

Butane C,H 02 react 
Carbon dioxide (CO 05 TI 

: ! lf 

withs' 

‘ The method of calibration of the calorimeter recommended by the manufac WAS s 

‘ 

turer makes use of nearly pure hydrogen as the standard gas Because the heat vas . 

ing value of hydrogen is much lower than that of most fuel gases, the speed of the Fol 
gas meter is increased in the hydrogen test by appropriate changes in the gea | - 

train connecting it with the driving motor so as to bring the recorder reading int? G@S1C¢ 

the range of heating v alues normally met with in measurements on fue! gases liming: 

Calibration with hydrogen also involves other changes in the instrument : 

text p. 219).° room 
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armup In order to calculate the heating value of this gas, 
changéith the desired accuracy, all of the ethane and 
‘St Was,arbon dioxide should be removed, and it would be 
npera- desirable also to remove the propane, propylene, and 
phutane. In short, it was hoped to remove every- 
uly, ilthing except the nitrogen, which itself would not 
© cali-interfere with an accurate analysis. 
eating [t is well-known that activated coconut charcoal 
8, andadsorbs carbon dioxide as well as ethane and higher 
known hydrocarbons at room temperature, and that the 
nagni-sdsorption is improved as the pressure is increased, 
imeterThe apparatus that was built to utilize the adsorbing 
 be:nower of activated coconut charcoal is shown in 
“imatefioure 6 and consists of the following essential parts: 
Vv thd Four purifying towers (A), connected in series, each 
lOrmabyith a capacity of 214 cu in.; a manifold (B) with 
Intro-valves for connecting cylinders to either the inlet 
‘hang- (J) or the outlet (O) of the purifiers; a condenser (C) 
of thefor condensing the gas by means of liquid nitrogen 
Water-ontained in the Dewar flask (D), which flask can 
INZ abe raised or lowered around the condenser by means 
if £Aof an adjustable platform; a vacuum pump con- 
Watetyected to the manifold at (F) for evacuating the 
leeder entire svstem: and pressure gages (G) for observing 
» tank , 
bility 
lrogen 
r (a) 
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Apparatus for adsorbing heat j h jdrocarbons. 


FIGURE 6. 


the pressure in the system. A valve (H) is used to 
divide the manifold into two parts so that the supply 
evlinder (S), the condenser (C), and the inlet to 
the purifiers can be separated from the outlet from 
the purifiers and the one or more receiving cylinders 
represented by (R). The first purifving tower on 


Percent the left is filled with a desiccant (silica gel) and the 
99. 67 other three with activated coconut charcoal (6 to 8 
01) mesh). Each tower is wrapped with a heating coil 
“a of sufficient capacity to heat the tower and its con- 
“QZ tents to a temperature of 150° C for the purpose of 
02 reactivation. 
-% The whole apparatus was built so that it would 
withstand a hydrostatic pressure of 2,500 psi and 
~~ Was so tested. 
dofth Following the hydrostatic test, it was necessary to 
pe fe desiceate the entire apparatus thoroughly. A pre- 
ae’ liminary drying was accomplished by introducing 


2 days at a rate of approximately 180 


room ai for 


41741357 t 





cu ft/hr by means of the vacuum pump. Afterward, 
room air dried by a tower of silica gel was drawn 
through the system for 4 more days. The gel in 
the drying tower was changed each day and the used 
desiccant reactivated in an oven heated to 245° C. 
During the fourth day of purging with dry air, a 
drying tower was also placed on the outlet of the 
apparatus and the amount of water picked up in 
each drying tower was measured. When the tower 
on the outlet picked up less water than the one on 
the inlet, it indicated that the air within the appara- 
tus was drier than the room air. When this condi- 
tion was reached, the purging with air was discon- 
tinued and the apparatus was evacuated by means 
of the vacuum pump until a pressure of only a few 
millimeters of mercury was shown on a sensitive 
vacuum gage connected at one of the manifold 
valves. Then, with the vacuum pump still oper- 
ating, dry air was admitted slowly, so that the 
vacuum gage remained within a few millimeters of 
its former reading. This dry air swept out any water 
vapor liberated from small cracks or recesses in the 
interior. After several hours of this treatment the 
air inlet was closed, and the pump was operated 
until the pressure in the entire apparatus was as 
low as it would go, about 1 mm of mercury. Valve 
(F) was then closed, the vacuum pump turned off, 
and the vacuum gage read. It required a week of 
this procedure before the apparatus would stand 
evacuated overnight without any change in pressure, 
showing that it was both dry and vacuum-tight and 
was ready for use. With the apparatus still evacu- 
ated, a supply evlinder (S) of the unpurified methane 
was connected to the manifold, and its contents were 
allowed to flow at a slow rate into the purifiers 
through valve (1) until a pressure equilibrium was 
reached. The inlet valve (1) was then closed and the 
supply cylinder (S) was connected to the condenser 
(C). Gas from (S) was admitted into the condenser 
(C) and was condensed by cooling it slowly with 
liquid nitrogen. This was accomplished by gradu- 
ally raising the Dewar flask (D), containing the 
liquid nitrogen, around the condenser. 

The condensing process was continued until the 
pressure in the supply eylinder had been reduced 
by 150 psi, which was the amount of change calcu- 
lated to fill the condenser (C) about two-thirds full 
of liquid. At this point cylinder (S) was turned off 
and the liquid nitrogen lowered from the condenser. 
When, through evaporation, the pressure in the 
condenser had increased to the point where it at 
least equaled that of the gas already stored in the 
purifiers, the valve between the condenser and puri- 
fiers was opened and the gas from the condenser was 
allowed to flow into the purifiers. This continued 
until all of the liquid in the condenser had been 
vaporized, and the condenser was back up to room 
temperature and an equilibrium pressure prevailed. 

The above process of condensing gas from the sup- 
ply cylinder and transferring it to the purifiers was 
repeated until the pressure of gas in the purifiers 
had been built up to approximately 1,400 psi, which 
usually required three condensations. The inlet 
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valve (1) was then closed and the gas allowed to | from the analysis and the gas was ready for use gg tion 


remain in contact with the purifying material for 
approximately 12 hr or overnight. 
of gas was then drawn from the outlet of the puri- 
fiers and analyzed by means of the mass spectrometer. 
If the results of this analysis indicated no impurities 
except nitrogen, the gas was allowed to flow from the 
purifiers into the evacuated receiving cylinder (R) 
until the pressure between the two came to equi- 
librium. 

The cycle of purification described above was 
repeated a sufficient number of times to bring the 
pressure in the receiving cylinder (R) to at least 
1,000 psi. Cylinder R was then removed from the 
system, its contents mixed by setting up convection 
currents within the cylinder, and the gas was then 
sampled and analyzed again. If this analysis showed 
no ethane or impurities other than nitrogen, the 
heating value of this purified gas was calculated 
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a standard. 
Whenever a sample from the outlet (O) of the 
purifiers showed a trace of ethane, indicating jp. 


efficiency of the apparatus, the process was stopped 


and the gas in the purifiers was condensed and 
returned to the supply cylinder. The heaters syp. 
rounding the purifying towers were turned on, and 
the system was evacuated by means of the vacuum 
pump. Each heating element was controlled SO 
that a temperature of 150° C was maintained op 
each of the four towers. It was found that an over. 
night run was sufficient to reactivate the coconut 
charcoal. Reactivation proved to be 
after every 3 or 4 purification cycles. 

Four 220 cu ft evlinders of purified gas were ob- 
tained by this process, each cylinder being filled to 
a pressure of approximately 1,000 psi. The results 
of the analysis of each cylinder of gas after purifica- 
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Spectrogram of natural gas afte) 
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tion are shown in table 1,° together with the heating 
It will be seen 
from this table that the four samples are practically 
identical in composition and that the heating value 
fom analysis is probably not more than +0.1 
Btu/cu ft. 


TABLE 1. Analyses of purified methane 


Analysis by mass 


spectrometer Caleu 
Cylinder lated Probable 
heating errors ® 
Constit- Mole value 
uent percent 
Ptujcu ft Btu 
| CH, 99. 93 } 
127 CoHe 0. 00 996. 7 +0. 1 
LN 07 
| CH, 1.92 | 
130 CoH 0. 00 996, 6 +) 1 
[N os || 
| CH, “y 4u3 | 
133 Cos 0. 00 996. 7 +0. 1 
| N2 OT | 
| CH, 9, 93 | 
134 CoH 0.00 106.7 0.1 
[N oz | 


® The probable errors given refer to the effect of errors 
in gas analysis only (see footnote 5 below). 


The spectrograms from which the analyses of the 
California gas were calculated are shown in figures 
Figure 7 shows the spectrogram of the gas 
before purification and indicates the presence of 
nitrogen, ethane, propylene, propane, butane, and 
carbon dioxide by the peaks at 28, 30, 42, 43, and 
44. Figure 8 shows the results obtained after puri- 
fication and indicates that all of the above constit- 
wents, with the exception of nitrogen, at peak 28, 
have been removed. This method of purification is, 
therefore, arllequate to produce methane of sufficient 
purity to be analyzed with the desired precision by 
means of the mass spectrometer. The heating value 
ealeulated from this analysis is much more accurate 
than the results to be expected from the recording 
calorimeter. Therefore, the gas is suitable for use 
as a primary standard. Any stable gas of compar- 
able heating value may be properly compared with 


‘The heating values in this table were calculated on the basis that the heat of 
ombustion of pure methane is 997.4 Btu per standard cubic foot, as given in 
NBS Circular C417, Gas calorimeter tables (1938 A later revision of this Cir 


lar, C464 (1948), gives 996.9 Btu per standard cubic foot. The difference in 
hese two values is due to a difference in the definition of the Btu used in the two 
iblications. The Btu used in C464 is defined in terms of the specific heat of 
water at 59° F (15° C) and is the unit generally used in the gas industry [2] 
The use of the older value in this paper is justified by the fact that the hydrogen 
sed in tests of the calorimeter contained about 0.06 percent of inert impurity, 
© that a calorimeter calibrated with hydrogen on the assumption that it is pure 


rould read too high by 6.06 percent in the 
Hence a value of 996.7 Btu on the methane 
tantially equivalent to the manufacturers re¢ 


hydrogen test 
of 99.93-percent purity is sub 
ommended reading of 1,046 Btu 


na hydrogen test with hydrogen of 99.94-percent purity. It may be noted that 
the heat of combustion of methane in terms of the International Steam Table 
Stu (defined as 1,055.07 absolute joules) is 996.6 Btu/cu ft. The Term “cubic 
ot” as used in this paper is an abbreviation for “standard cubic foot,”’ defined 


‘the quantity of gas that would fill a space of 1 cu ft at 60° F if saturated with 
rater Vapor and under a total pressure of 30 in. of mercury 
The values for the heat of combustion of methane are based on the 
perimental value per mole reported by Rossini [5], the value 0.5218 in. of met 
ry for the vapor pressure of water at 60° F, and the value (1—(pe/RT)=0.0020 
the deviation of methane from the ideal gas law at 60° F and a pressure of 30 
;4. of mercury Rossini assigned an uncertainty of about 0.03 percent to his 
isult. This corresponds to 0.3 Btu/cu ft. Taking account of the uncertainty in 
te analysis corresponding to 0.1 Btu/cu ft, and making some allowance for the 
ieertainty in the deviation from the ideal gas law, an uncertainty of +0.4 Btu 
issigned to the heat of ¢ purified methane 


ibove 


ombustion of the 








this primary standard gas and may then be used as a 
secondary standard gas for testing or calibrating 
purposes (see appendix C). 


3. Comparison of Hydrogen and Methane 
as Calibrating Gases 


One of the questions that led to this study was 
the suitability of hydrogen for calibrating purposes 
when the calorimeter was to be used with gases 
having several times the heating value of the cali- 
brating gas. The answer to this question could now 
be obtained by making a direct comparison between 
the use of hydrogen and the standard methane, 

It was recognized that the use of hydrogen as a 
calibrating gas affects the normal operating condi- 
tions in the tank in a number of respects. For ex- 
ample, the use of hydrogen requires certain changes 
from the normal operating conditions of the instru- 
ment, including shutting off the primary air supply 
to the burner and the insertion of a special orifice in 
the gas line at the entrance to the burner. The 
water level surrounding the meters and the weir is 
disturbed when the gas meter is “blown” to refresh 
the water contained in the gas meter in order to 
facilitate a new saturation equilibrium, and when 
the gas meter is turning at the increased rate deter- 
mined by the special hydrogen gears. Because. the 
heat of combustion of hydrogen (approximately 319 
Btu/cu ft) is much lower than that of most fuel 
gases, the speed of the gas meter is increased by a 
definite amount in order to bring the rate of heat 
production and consequently the reading with 
hydrogen into the range of the scale used during 
normal operation with fuel gases. Another change 
is caused by the purge flame burning at its temporary 
down-in-the-tank location, causing temperatures 
under the tank cover to be different. 

In comparing the two gases, the calorimeter was 
first proved to be in normal operating condition in 
accordance with the manufacturer’s instructions [4]. 
It was then calibrated with hydrogen by the method 
recommended in the same instruction manual, using 
Hydrone hydrogen. As a part of the calibration, a 
small change in the cold-balance rheostat was neces- 
sary in order to make the recorder show the proper 
reading of 1,046 Btu on its 900- to 1,200-Btu-range 
seale.6 Then, making only the necessary changes 
from the conditions of the hydrogen test to those of 
normal operation, the standard gas was connected 
and the chart observed until the maximum change 
had taken place and a steady reading was obtained, 





6A table of theoretically correct readings in the hydrogen test for various 
ranges of the instrument is given in the manufacturer’s instruction book [4] for 
use in the periodic testing of the instrument by the user. The values given in 
this table were calculated from a selected value for the heat of combustion of 
hydrogen together with values for the ratio of the speed of rotation of the gas meter 
in the hydrogen test to that in normal operation. Some allowance was also made 
for other effects, including the ‘‘chimney effect’’ discussed later in this report. 
Che value given in the table, which is applicable for a methane range instrument, 
is 1,046 Btu. The final step in the calibration referred to is an adjustment of the 
cold-balance rheostat (S;, fig. 2) in order to bring the reading as nearly as possible 
to the desired value of 1,046 Btu. This procedure, rather than additional trial 
ind error adjustments of the baffle in the burner jacket, greatly shortens the 
calibration time and is very effective for giving the desired calibration reading 
for a known gas, even though the record will be incorrect at the lower end of the 
scale, However, this method of adjustment does not introduce a significant 
error in comparisons such as those reported in this paper, in which the calorimeter 
readings are well above the lower end of the scale and are fairly close together on 
the gases being compared (see appendix D) 
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as had been done for the hydrogen. The time for 
each evaluation averaged about 90 min. Instead of 
the recorder showing the expected value of 997 Btu 
for the standard gas, a reading of 1,000 was obtained, 
which was 3 Btu too high. 

The procedure was then reversed. The instru- 
ment was calibrated with the methane to give a 
reading of 997 Btu and was then checked with the 
hydrogen, with a resultant reading of 1,043, or 3 
Btu too low. 

In order to determine whether the same results 
would be obtained on another calorimeter, a similar 
series of tests was repeated twice on a calorimeter 
located in the air-conditioned laboratory of the Gas 
Inspection Bureau of the District of Coumbia, with 
identical results. 

It was first thought that the difference found 
might be caused by the type or source of the hy- 
drogen used, but this proved not to be the case. A 
careful examination was made of the qualities of all 
of the gases involved in this problem. The composi- 
tion and heating value of the methane and cylinder 
hydrogen used were accurately known by analysis. 
However, because the purity of the hydrogen gen- 
erated from Hydrone had only been assumed to be 
sufficient not to introduce a significant error, a sample 





of this gas was also analyzed by means of the mass | 


spectrometer, and the results obtained proved to be 
identical with the analysis obtained from the evlinder 
hydrogen used. The analysis is shown below: 


Mole ‘ 
Hydrogen 99. 94 
Oxygen 0. O1 
Nitrogen . 05 


The question could arise as to whether all samples 
of hydrogen generated from different batches of 
Hydrone would give an analysis identical with the 
one listed, but it is felt that any such differences 
would be slight. 

Additional dual tests were run, first calibrating 
with hydrogen and then operating with methane, 
with tank-water temperatures at representative 
equilibrium points between 60.2° and 90.5° F. In 
24 such tests the results with methane differed from 
its known value by amounts varying from —0.3 
Btu to +4.0 Btu and averaging +1.68 Btu. 

These differences showed no systematic variation 
with temperature. It may be concluded that there 
is a systematic difference of the order of 0.2 percent 
on the average between the results of calibration 
with hydrogen and with methane. 

It seems unlikely that errors in the accepted 
values for the heats of combustion of methane and 
hydrogen could be responsible for more than a small 
portion of the differences found. In view of the 
facts that methane has physical and chemical 
properties approximating those of natural gas, and 
that calibration with methane carried out in 
exactly the same manner as measurements on 
natural gas, it is believed that for a calorimeter to 
be used for measurements on natural gas, calibration 
with methane of accurately known composition is 
preferable to calibration with hydrogen. 


Is 





4. Effect of Changes in Bleeder Burner ;, tal 
Height *olun 


to cal 
One factor which affects the performance of the the “ 
Cutler-Hammer calorimeter is a so-called “chimney 
effect”’, which may be explained in principle as fol- 
lows: The bleeder burner of the calorimeter is located 
above the water level in the tank, the effective 
height of the burner above water level being about 
8% in. Consequently the gas pressure in the inlet 
chamber of the gas meter will be less in experiments Te 
with hydrogen than in experiments with methane. 
This difference in pressure is too small to affect 
the density of the gas appreciably, but it is large 
enough to have a significant effect on the water 


ITABLE 


level in the meter, and therefore on the quantity of — 
gas delivered by it per revolution. The effect on on 
the calorimeter reading is approximately equal in | _ 
magnitude but opposite in sign to that (discussed in “Yer 
reference [3]) resulting from differences between the 
amounts of water vapor entering and leaving the _ ,, 
calorimeter. Both effects, and possibly others, Phe 
were considered in arriving at the table of calorim- effect, 
eter readings for the hydrogen test [4]. If all perti- the g: 
nent factors were properly considered, then calibra- ‘°° ® 
tion with hydrogen and methane should yield ° lines 
equivalent accuracy. In view of the differences for be 
reported in the preceding section, a few experiments... 
were performed to confirm the existence of the chim- 
ney effect and to obtain some idea of its magnitude. | 

The existence of differing chimney effects was ,'°**t 
proved by exaggerating the chimney height in the . 
following manner. Two special tubes of the same 5,,,. | 


inside diameter as the bleeder outlet tube, one 15 in. - 
and the other 30 in. in length, were successively 
connected to the bleeder outlet tube in place of the | ¢103¢ 


WITH HYOROGEN 


. z 
regular bleeder burner, first, while hydrogen was be- | 2 
ing supplied to the calorimeter and again while = 
3 1034 


methane was being used. It was found with the 
calorimeter properly calibrated and reading 1,046 
Btu with the hydrogen that with the 15-in. bleeder 030 | 
extension connected to the bleeder outlet tube, the [ 
chart or scale reading was 1,039.5, or 6.5 Btu low, : 
and with the 30-in. tube the reading leveled off 
at 1,033, or 13 Btu low. When methane was burned 
under the same procedures the effects were in the 
same direction but of less magnitude, the drop being|S. Eff 
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2 Btu when the 15-in. tube was used, and 4 Btu) ture | 
when the 30-in. tube was used. 
The chimney effect was further investigated by), Befo 
een 


measuring the delivery rate of the gas meter through 
the means of a suitable laboratory wet-test meter, 
first with the calorimeter operating normally with 
the regular bleeder burner in place and then with the 
30-in. extension tube replacing the regular bleeder 
burner, while each of the respective gases was being 
tested. The laboratory meter was connected to the made . 
gas burner tube or outlet of the calorimeter gas 100° F 
meter and read when the calorimeter meter had) * At the 
made 10 revolutions—which was the number causing! 3 Fes" 
the laboratory meter most nearly to make | complete fading at 
revolution. The average of the 10 revolutions of planation i 
the calorimeter meter in 
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The effect on the heating value of the 


in table 2. 
*olumetric differences is also shown, first according 
to calculation and again according to the results of 
the “chimney-action”’ 


tests. 


iTapLE 2. Effect of chimney action on gas passed by calori- 
meter gas meter 


Difference in heat- 


Average ing value 
volume 
of yas 
Test condition Gas used delivered! Caleu- Found 
per revo- |lated from) in the 


lution of |difference “chimney 
meter in deliv- | action”’ 
ery rates tests 


cult Ptulcu ft Btu/cu ft 
Normal use CH, 0. 00947 
30-in. bleeder ex- CH, 00943 4.2 4.0 
tension 
Normal use Hydrogen from Hy- 00947 
drone 
30-in. bleeder ex- Hydrogen from Hy- . 00934 14.3 13.0 
tension drone 


These tests confirm the existence of the chimney 
effect, and show that it varies with the density of 
the gas and with the height of the bleeder burner 
see appendix E). Figure 9 shows that the effect is 


a linear function of the height of the bleeder burner | 


for both hydrogen and methane. 
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5. Effect of Changes in Ambient Tempera- 
ture Upon the Accuracy of the Calorimeter 


Before the beginning of this study complaints had 
been received that changes in the termperature of 
the calorimeter’s surroundings had an effect. upon 
the accuracy of the instrument. Preliminary test 
substantiated the validity of these complaints. A 
complete investigation of the effects of ambient 
temperatures upon the instrument’s accuracy was 
made within the operating temperatures of 50° to 


100° F.“ In selecting these limitations it was felt 
* At the factory, when calibrating the calorimeter with nearly pure hydrogen 


8 the test gas, the manufacturer maintains the temperature of the tank water at 
73° F and adjusts the baffle in the burner jacket (fig. 2), so as to obtain a specified 
nading at the recorder 0.4 percent higher than the 1,046 figure stated in the in- 
struction manual for the methane-range instrument. The manufacturer’s ex- 
planation is that the calorimeter would then be more nearly correct on the average 
{the temperature of the water in the tank 
® to OO 
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should vary between the extremes of | 


that a leeway of 10 deg beyond the 60° to 90° limita- 
tions advocated by the manufacturer of the calori- 
meter was sufficient, and also well beyond the average 
temperature limits of operation. 

After a great deal of trial and error it was found 
that ordinary control of room temperatures was not 
sufficient for our purpose. Also, that the tempera- 
ture of the water in the calorimeter cannot be as- 
sumed to be the same as that of the room, no matter 
how closely the temperature of the room is held to a 
selected figure, because of the effect of the relative 
humidity of the room air upon the evaporation of the 
tank water. Therefore, it was necessary to install 
adequate air-conditioning equipment for the testing 
room. 

Using the standard methane of known heating 
value, the instrument was calibrated under carefully 
controlled conditions at a predetermined basic 
equilibrium temperature. After the calibration was 
completed and after all pertinent data had been 
recorded, either the room temperature was changed 
by +10 deg from the current calibration or equilib- 
rium temperature, while holding the temperature of 
the tank water constant, or else the room tempera- 
ture was held constant and the temperature of the 
tank water was changed by +10 deg F. During tests 
under each of these conditions the recorded heating 
value was closely observed until the maximum of 
any changes had been reached and remained con- 
stant following the maximum change in tempera- 
ture during that particular test. 

In this study, this double series of tests of plus and 
minus changes from selected calibration tempera- 
tures was run a number of times at each of the equi- 
librium temperatures of 60°, 70°, 80°, and 90° F. 
For each temperature change the results in each 
respective plus and minus direction were practically 
identical. Tests of the effect of variation of room 
temperature showed no significant changes of re- 
corded heating value if the water temperature re- 
mained constant. But because the water tempera- 
ture does change with time and follows the room 
temperature, a special test was made to determine 
the time in which the tank water would change at 
least 10 deg with a room change of 20 deg, and it 
was found that this could happen in approximately 
10 hr. This is illustrated by figure 10. 

In table 3 are summarized the pertinent data from 


tests in which the tank-water temperature was 
changed by 10 deg F after the calibration. These 


figures are the average to the nearest 0.5 Btu of the 
results of the several tests in each respective direc- 
tion at each selected temperature. 

It will be seen from table 3, that with one excep- 
tion, any change in the temperature of the tank 
water from the temperature at which the instrument 
was calibrated causes a change in the accuracy of the 
calorimeter that is reflected in the recorded heating 
value. 

The magnitude of the effect on accuracy will 
depend upon two things, (1) the place in the tempera- 
ture scale at which the temperature divergence takes 
place, and (2) the extent of such temperature change. 
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Ficure 10. 
change in room temperature to effect a 10-deg F change in tank- 
waler temperature. 


E ffe cl on calorime ler reading of ( hanae sainten pe ra- 
ture of tank water 


TABLE 3. 


Equilib- lank Change in 
rium cal- Room water Recorded reeorded 
rype of gas used ibration | tempera- tempera-| heating | heating 
tem pera- ture ture value value 
ture 
lt I volt Rtuj/eu ft ¥ u ft 
0 60.0 60.0 997.0 
70 oo. 0 70.0 997.0 o.0 
60.0 60.0 50.0 993. 5 3.5 
70.0 70.0 70.0 007 { 
70.0 70.0 80.0 " 20 
70.0 70.0 “0 ou7_ 0 00 
Methane (997 Btu 
sO.0 SOO be LL Ww, 0 
SO SO. 0 4O0 UsSU 7 
80.0 80.0 70.0 099.0 2 0 
v0 VOLO v0.0 997.0 
it im 100.0 S34. 5 13.5 
vOo0 vO.0 sO. 0 1004 7.§ 





For example, if a 10-deg deviation occurs between 
60° and 70° F, regardless of whether the instrument 
was calibrated at 60° or 70° F, no appreciable change 
in accuracy takes place. But if the instrument is 
calibrated at 60° F, and the temperature of the water 
subsequently decreases to 50° F, an error of 0.35 
percent appears in the heating value, and it is that 
percentage too low. If the instrument is calibrated 
at 70° F and the temperature of the water sub- 
sequently increases to 80° F, an error of 0.2 percent 
on the low side results. In the same way, if the 
change is from 90° to 100° F, the instrument will 
read low by 1.35 percent. Conversely, if the instru- 
ment is calibrated at 90° and the temperature of the 
water subsequently changes to 80° F, the error is in 
the opposite direction and the heating value reads 
high by 0.75 percent. 

Figures 11 and 12 illustrate the effect on the heat- 
ing value recorded by the calorimeter when the tem- 
perature of the water is varied both ways from the 
calibration temperature. 

The data of table 3 may be used to plot a” curve 
showing the variation with temperature of the read- 


An example of the time required for a 20-deg F 





ing of a calorimeter calibrated to read correctly 
methane at any given temperature of the water jy 
the tank. The solid curve in figure 13 is such ,; 
curve for a calorimeter calibrated at 60° F (or 70° P) 
[t will be seen that the reading will be approximately 
correct in the range 60° to 70° F, but will be too low 
at temperatures below 60° and above 70°. At 90° 
for example, the error will be nearly 1 percent. 4 
similar curve for a calorimeter calibrated at any 
other temperature, ¢, would be of the same form, buf 
would be displaced vertically by the amount neces. 
sary to make it pass through the correct heating 
value (997 Btu) at the temperature ¢t. The dotted 
curve in figure 13 represents the reading of a calorim, 
eter calibrated with methane to read 0.4 percenj 
high at 73° F (or to read correctly at about 83° F) 
A calorimeter thus calibrated would read high o1 
methane by about 0.5 percent at 65° F and wouk 
read low by about the same amount at 90° F 
The maximum error in the range 60° to 90° F wouk 
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ater jp POC oes brated to read correctly on methane at 73° F, 
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LL ce ane oo 5 N19 _ iw | gases for the purposes of our study. Accordingly, 
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— a a spectrometer and infrared spectrometer determina- 
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RS oon toe -* | analysis, together with the values used for calculating 
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nec rr ” 
PasBLte 4. Analysis of propane sample 
| ‘ ba | oh La 
r ’ aus a , } ie Gas Mole © *Btu/cu ft a a 
. WATER TEMPERATURE STABLE AT 70°F Methane. 0.15 006. 9 1.5 
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fa ——7am* 2 adeemegemen il Nitrogen 07 e . 
| Carbon dioxids 07 i 
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~~ “ « neo neo -_ ——— 
2 »523 l 
| j odes 
ej Figure 12. Effect of raising tank-water temperature on Btu 
reading «The heating values were taken from NBS Cireular 464, 
2 
| As a part of the preparation for testing the pro- 
ai pane, the following changes were made in the 
recorder: The standard scale, instead of the ex- 
panded scale, was made operative, and a new heating- 
ve | value scale and chart, each graduated to 3,000 Btu 
z were installed. 

TT ¢ The calibration was accomplished by using the 
< 99 27A—33B test gears and a cylinder of hydrogen of 
~ 99.94-percent purity at an inlet gas pressure of 
| 0.5 in. The heating value on the recorder was 
- f adjusted for a value of 2,613, which corrected the 
a 2 value shown in the Cutler-Hammer Instruction 
< 980} . te Ff : 

Manual [4] of 2,615 for the purity of the hydrogen 
| used. 

SSRSSSSRSRRESS SSE SPE RS! The tank unit was then prepared for using the 

| | | ° ° 
a tt ttt tt + t+ + + + + + + ++ +}44ssi||s propane, by the installation of the proper gears, 
wat } — os “——~ > | orifices, and the “bazooka” bleeder burner. The test 
TANK WATER TEMPERATURE ,°F of the propane was made by using an inlet pressure 
re 60 Fiat RE 13 Reading of calorimeter on methane as a function of 0.5 In., because the bleeder burner flame tended 
of tank-water temperature. | more and more to smoke as the 0.5-in. pressure was 


223 











exceeded. Sufficient time was allowed to com- 
pletely saturate the water in the gas meter with 
propane. At the conclusion of the test the recorder 
scale showed a heating value of 2,517 Btu, which is 
approximately 0.25 percent less than the value as 
calculated from the analysis. Judging from these 
results, the Cutler-Hammer calorimeter when cali- 
brated with hydrogen can be used with reasonable 
accuracy for measurements on propane. 


7. Study of Effect of Inlet Gas Pressures to 
the Calorimeter Upon the Heating Value 


A summary was made of the inlet gas pressure 
(inches water column) used during all of the tests. 
When using hydrogen generated from Hydrone the 
inlet pressure varied from 0.4 to 0.7 in., as compared 


with 0.5 in. when using cylinder hydrogen. With 
methane, the inlet pressure was set at 4.5 in.,—the 


maximum of the 2% to 4% in. recommended in the 
instruction manual [4] for general operation. 

Because the measurements on methane were made 
with an inlet gas pressure of 4.5 in., whereas when 
calibrating with hydrogen the inlet pressure av- 
eraged about 0.5 in., it was decided to determine the 
resulting heating value effects when, with each type 
of gas, the instrument was calibrated at 0.5 in. and 
then operated at 4.5-in. inlet pressure. A part of 
this series of tests (calorimeter B) was repeated on 
one of the instruments, previously used, in the 
temperature-controlled laboratory of the District 
of Columbia Gas Inspection Bureau (see appendix 
F for pressure tests with propane). 

The results of the series of inlet pressure tests are 
listed in table 5. 


TABLE 5. Heating-value change when the pressure of the qas 
sample to the calorimeter is increased from 0.5 to 4.0 inches, 
water column 


(ias 


\ B 

Btu Rt 
Hydrogen +20 +20 
Methane +1.0 4-(). 5 


8. Conclusions 


In general, the Cutler-Hammer recording gas 
calorimeter when operated in accordance with the 
present instruction manual and at temperatures 
varying from 60° to 90° F will probably give results 
that are accurate to within 1.0 percent. 

If under the same type of care, the calorimeter is 
operated under controlled conditions of temperature, 
so that the instrument continues to operate at very 
close to the same temperature at which it was last 
calibrated, the average accuracy will probably be 
within 0.5 percent. However, in all considerations 
of temperature, the temperature of the water in the 
calorimeter and not the temperature of the room 
is to be used as the guide. 





The functional accuracy of the instrument can be 
further improved as follows: 

(a) Gas for calibration purposes should be of the 
same type as the gas subsequently to be sampled, 
Its composition must be absolutely stable, and its 
heating value known to a degree of accuracy at 
least one order of magnitude greater than the degree 
of accuracy expected from the calorimeter. (b) The 
instrument should be calibrated weekly, as a part 
of the weekly care, in order to determine and correct 
any deviations while small. (¢) When_ possible. 
the inlet pressure used should be the same for both 
calibration and subsequent operation. 

Because the Cutler-Hammer recording gas calo- 
rimeter is a self-contained instrument, a number of 
concurrent conditions and effects determine the 
accuracy at any given moment. Some of the con- 
ditions vary with the care given to the instrument 
by the operator and some vary with time. The 
accuracy is also influenced by changes accompanying 
operation, for example, chemical reactions in some 
of the burner parts cause gradual accumulations of 
insulating compounds that affect the absorption 
of heat; dust from the air tends to accumulate in the 
gas and air orifices and in the fins of the fluted tube: 
physical particles and slime tend to accumulate in 
the several meters; the meter bearings wear; and the 
surface tension characteristics of the water at the 
weir can change. All of these have a deleterious 
effect upon the efficiency of the instrument. 

In the recorder, its sensitivity or response to small 
heating-value changes can vary because of such 
things as excessive tolerances of moving parts, the 
fineness of adjustment of the resetting levers, the 
degree of tension of the suspension strips, the presence 
of oil film or dust on the fiber pointer, imperfect 
contact with the slide wires, or because of a change in 
efficiency of the rectifier, ete. Also, variations in the 
humidity of the room, as well as improper tolerances 
in the adjustments of the rolls, can cause differences 
in agreement between the scale and chart amounting 
to as much as 2 Btu. 

For any specific summation of all such effeets upon 
the recorded heating value, the cold-baiance rheostat 
or the baffle in the burner jacket can be changed in a 
direction that will cause the pen on the properly 
alined chart to indicate a heating value in agree- 
ment with the heating value of the calibration gas. 
But, even while the calibration is in progress, or 
during any subsequent time interval, slight changes 
in some of the mentioned factors can bring about a 
somewhat different summation of effects. All of 
these effects prevent the behavior of the calorimeter 
from being 100-percent predictable. However, it is 
possible for the calorimeter to operate, under the 
weekly care recommended in this paper, with weekly 
deviations in accuracy averaging less than 0.1 per 
cent (see appendix G). 


The authors are indebted 


to several organizations 
and to many individuals connected with these 
organizations for valuable advice and assistance 
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- 10. Appendixes 
10.1. Appendix A 
During some of the comparison tests, using 


s 
e Hydrone hydrogen and cylinder hydrogen, some 
e | consistent differences‘in heating value seemed to 





appear, with the dry gas giving slightly the higher 
value. However, upon prolonged investigation, the 
apparent difference proved to be small and also 
questionable enough to be ignored, 


10.2. Appendix B 


A study entitled Weirs and the gas calorimeter, 
Am. Gas Assn. Monthly (June 1948) [6] had pre- 
viously shown the crucial effect of the functioning 
of the weir in maintaining an exact level of the 
water in the calorimeter, and that accumulation of 
foreign material on the weir can easily cause errors 
in the instrument’s accuracy of as much as 0.4 
percent. It was also determined that a change of 
water level of 1.00 mm changes the reading by 0.7 
percent. A further investigation of the effects of 
variations in water level was made during the 
current study, through the use of a slope gage 1 m in 
length. It was observed that such factors as speed 
of rotation of the meters, differences in the tem- 
perature of the water, changes in surface tension or 
any contamination at the weir, etc., all have an 
effect upon the level of the water. Experience in 
servicing calorimeters has indicated that the weir 
should not be touched, however, unless it is evident 
by observation that it is dirty or that the water is 
not flowing over it uniformly. 


10.3. Appendix C 


Certain precautions should be observed in using a 
comparison method for calibrating a gas to be em- 
ploved as a secondary standard, because of the possi- 
ble variations sometimes appearing in the calorim- 
eter’s results. The heating value found should be 
double-checked by an immediate additional test of 
the known primary gas to determine if the primary 
value is duplicated. The change from the one gas to 
the other should be accomplished through the facility 
of a properly designed manifold, in order that opera- 
tion of the calorimeter might be continued without 
cessation during the changeover. 


10.4. Appendix D 


When calibrating the Cutler-Hammer calorimeter, 
in accordance with the present instruction manual, 
after all phases and parts of the various operations 
have been checked and properly adjusted, the final 
change, if necessary, to accomplish a specific reading 
on the recorder scale, is effected by adjustment of the 
baffle in the burner jacket. With some calorimeters, 
under certain circumstances, the amount of possible 
normal adjustment of this baffle is not sufficient to 
accomplish the desired change in scale reading. How- 
ever, this can only be determined by trial and error, 
and much time can be spent without accomplishing 
the desired result. The authors found and made use 
of the fact that a small unbalancing of the cold- 
balance circuit, through arbitrary adjustment of the 
cold-balance rheostat produces the desired scale 





* See variations discussed on page 224. 
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reading in a minimum of time, and with no objection- 
able side effects upon the accuracy of the calorimeter. 
This was true because the arbitrary unbalancing 
affected the accuracy only toward the lower end of 
the scale, whereas all of the heating values in these 
experiments gave readings toward the upper end of 
the scale. The design of the instrument is such that 
when all adjustments are properly made, the cold- 
balance rheostat setting is approximately midway of 
its extremes. A difference of approximately 3 scale 
divisions in the rheostat setting corresponds to a 
change of 1 Btu on the recorder scale, and differences 
up to 3 Btu can be easily and quickly compensated 
in this manner. That is, the position of the pen on 
the scale can be adjusted to read almost exactly the 
true heating value of the calibrating gas. However, 
this procedure should not be used if the gas to be 
sampled has a heating value that will be recorded on 
the chart at a point appreciably distant from that for 
the gas used for calibration. 


10.5. Appendix E 


When hydrogen is used as the calibrating gas, the 
bleeder flame is under the hood and is difficult to see. 
As the flame must be observed in order to properly 
run a test when using a hydrogen generator, some 
operators are known to add a 10- to 15-in. extension 
tube to the bleeder outlet opening during calibration, 
in order to bring this flame above the tank cover 
where it can be easily observed. This practice intro- 
duces an error in the calibration and causes future 
recordings of the calorimeter to be high. 


10.6. Appendix F 


Attempts were made to test propane at different 





inlet pressures, but it was found that as the pressure 
exceeded 0.5 in. the tendency of the bleeder flame to 
smoke became increasingly severe. Because of this 
nuisance, pressure tests using the bazooka bleeder 
burner were discontinued. However, it may be of 
interest that with an improvised bleeder burner 
replacing the bazooka tvpe, consisting of a straight 
piece of metal tubing of the same diameter as the 
bleeder outlet tube and of the same height as the | 
instrument’s normal bleeder burner, pressures up to | 
4.5 in. could be used without an objectionable bleeder | 
flame. 


With a pressure of 4.5 in. the heating value recorded 
was 2,522 Btu, or very close to that calculated fron 
the analysis, whereas, with the bazooka bleede 
burner and an inlet pressure of 0.5 in., the heating 
value recorded was 2,517 Btu. It is realized that 
this change of 5.0 Btu could be the result of a chang 
in bleeder height along with the effect of the change 
in inlet pressure, because the position of the bleedey| 
flame when the bazooka burner was used was 11 in 
below the flame of the improvised bleeder burner. 


10.7. Appendix G 


An approximate 4-vear record of three late model 
Cutler-Hammer calorimeters maintained by the Gas 
Inspection Bureau of the District of Columbia. 
operating on 1,020- to 1,200-Btu gas, shows the! 
average weekly deviation in accuracy, as determined 


TABLE 6. Approximate 4-year record of weekly deviations in} 
accuracy of three Cutler-Hammer calorimeters, as determined! 
by weekly checkups 


Number of times the calo- 
rimeters were found to be 
inaccurate by the respec- 
tive Btu amounts shown 
in the first column 


Weekly 
deviation 


inaccuracy adie | 
j 


in terms | 
of Btu Calorimeter 
\ B ( 
| 
= a 
oo tH x tH 
5 “4 Is os 
10 4 52 54 
1.5 15 4 12 
2.0 21 21 23 
> 5 ” 
3.0 uy ‘ ‘ 
a4 1 2 0 
0 l ” } 
4.4 l ] 1 
ii al ] 
’ i i - 
6.0 “ * 
* Relates to maximum deviation found 


by weekly comparisons with a standard methane- 
type calibrating gas, to have been 0.93, 0.88, and 
0.94 Btu, respectively (see table 6), 


Wasuinoton, August 17, 1956. | 
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